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RADIATION STUDIES OF OPTICAL AND ELECTRONIC COMPONENTS 
USED IN ASTRONOMICAL SATELLITE STUDIES 
Jacob ~ e c h e r l  and R. L .    ern ell^ 
INTRODUCTION 
This r e p o r t  d i scusses  work performed under National Aeronautics and 
Space Administration (NASA) grant  NSG 5053 involving r a d i a t i o n  s tud ie s  of  
e l e c t r o - o p t i c a l  components used i n  s a t e l l i t e  astronomy, with p a r t i c u l a r  
emphasis on t h e  In te rna t iona l  U l t r av io l e t  Explorer (IUE). A previous 
a n a l y s i s  f o r  t h e  IUE pro jec t  (see Boeing Report No. D180-18486-l), which 
used r ad ia t ion  models a s  the  b a s i s  f o r  sh i e ld ing  ca l cu la t ions ,  ind ica ted  
t h e  need f o r  experimental t e s t i n g  of components i n  a r a d i a t i o n  environment 
s imulat ing 2 t y p i c a l  o r b i t ,  In performing these  i r r a d i a t i o n s ,  we used 
r ad ioac t ive  sources i n  our laboratory and p a r t i c l e  acce l e ra to r s  a t  t he  
Space Radiations Ef fec t s  Laboratory (SREL), Goddard Space F l ight  Center 
(GSFC), and t h e  Universi ty  of Maryland. The synchronous o r b i t  o f  t he  
IUE c a r r i e s  t h e  s a t e l l i t e  through Ear th ' s  o u t e r  e l ec t ron  b e l t .  We used 
a 40-n~Ci 9 0 ~ r  source, which we ca l ib ra t ed  a t  t h e  National Bureau of 
Standards,  t o  s imulate  these  e l ec t rons .  A 5-mCi source of 6 0 ~ o  was used 
t o  simulate brernmstrahlung. The 10-MeV e l ec t ron  Linac a t  SREL and the  
1.7-PleV e l ec t ron  Van de  Graaff a t  GSFC were used t o  i nves t iga t e  t h e  
energy dependence of r ad i a t ion  e f f e c t s  and t o  perform r a d i a t i o n s  a t  a 
h igh  f lux  r a t e .  The 100-MeV proton cyclotron a t  t he  Universi ty  of 
Maryland was used t o  simulate cosmic rays.  
This r e p o r t  f i r s t  p resents  r e s u l t s  f o r  t h r e e  instrument systems of 
t h e  IUC and then  r e p o r t s  measurements f o r  s p e c i f i c  components. The t h r e e  
instrument systems f o r  which r e s u l t s  a r e  repor ted  a r e  t h e  u l t r a v i o l e t  
converter ,  t h e  f i n e  e r r o r  sensor (FES) , and t h e  SEC vidicon camera tube. 
- --- 
l ~ s s o c i a t e  Professor ,  Department of Physics, Old Dominion Universi ty ,  
Norfolk, Vi rg in ia  23508. 
"rofesscr,  Department of Physics, Old Dominion Universi ty ,  Norfolk, 
Virginia  23508. 
Components for which measurements are reported are optical glasses, electronic 
components, silicon photodiodes, and W window materials. 
ULTRAVIOLET CONVERTER 
Description 
In a rather standard configuration, the first component encountered by 
photons incident on a W sensor is a converter which transforms the W 
photon into a photon of a longer wavelength. This conversion increases 
the efficiency of detection by a photomultiplier tube or other detecting 
device to which the converter is coupled. We have investigated three 
proximity focused UV converters, one of which had been flight tested for 
use on the IUE satellite. These converters, which are also called image 
intensifiers, consist of a MgF2 input window, CsTe photocathode, aluminum 
antihalation layer, P11 phosphor (Ag activated ZnS), and a fiber optic 
output window. A W photon incidsrit on the photocathode produces a 
photoelectron which is then accelerated through a potential of several 
kV before impinging on the phosphor. The accelerating potential amplifies 
the signal by virtue of the fact that several photons are produced by 
each photoelectron incident on the phosphor. 
The weak signals which the UV converter is designed to detect may 
be masked by background radiation which can activate the UV converter 
and produce a false output. The possibility of electron-induced 
luminescence in the W converter is of specific interest to the IUE 
project because the IUEts spectrographs use as sensors a converter/SEC 
compound system and because the IUE orbit passes through Earth's outer 
electron belt. We present results obtained with a 9 0 ~ r  button, with a 
3.5-MeV Linac electron beam, al:d then with a Van de Graaff beam ranging 
from 0.5 to 1.6 MeV. These results show that a significant noise signal 
occurs when the converter is bombarded with electrons. 
ExperimentaJ. Results 
Figure 1 shows the experimental arrangement used in a darkened room 
to irradiate the W converter with electrons from a 40-mCi 9 0 ~ r  source. 
The various experiments consisted of exposing the converter to radiation 
and measuring t h e  l i g h t  output  of t h e  c o n v e r t e r l s  phosphor. The de t ec to r s  
used t o  measure t h e  l i g h t  output  were the  P r i t cha rd  photometer, RCA 931A, 
lP21, and 1P28, and ITT FW130 photomult ipl ier  tubes ,  Data were taken 
us ing  a number of  d i f f e r e n t  l i n e a r  arrangements of f i g u r e  1. Configura- 
t i o n  A consis ted of t he  40-mCi source, t h e  W conver te r ,  and a PMT. 
Configurations B and C were t h e  same a s  A except t h a t  a t h i n  aluminum 
f o i l  was placed between t h e  converter  and t h e  PMT i n  B while i n  C t he  
aluminum f o i l  was posi t ioned between t h e  conver te r  and t h e  gOsr source, 
The e s s e n t i a l  d i f f e r ence  between these  two conf igura t ions  is t h a t  t he  
aluminum f o i l  i n  B does not permit t h e  photon output from t h e  converter 
t o  s t r i k e  t h e  PMT, This permitted us  t o  d i s t i n g u i s h  between a PMT 
cu r ren t  due t o  photons from the  W converter  and a PMT curren t  associated 
wi th  d i r e c t  e l ec t ron  i r r a d i a t i o n  of t he  PMT. For each of t h e  t h r e e  
conf igura t ions  t h e  vol tage t o  the  converter  could be on o r  o f f .  The 
d i f f e r ence  i n  t h e  on and o f f  r e s u l t s  permitted us  t o  d i s t i ngu i sh  between 
a radiat ion-induced y i e ld  r e s u l t i n g  from d i r e c t  exc i t a t i on  of t he  
phosphor and a y i e ld  assoc ia ted  with redhetion-induced emission from 
t h e  CsTe photocathode. The d i s t ance  between t h e  e l ec t ron  source and 
converter  was f ixed a t  3.5 cm so a s  t o  ~ i v e  approximately t h e  f l u x  
(2 u l o 7  e/cm2-sec) expected i n  t h e  IUEts passage through Ear th ' s  
o u t e r  e l ec t ron  b e l t .  
Ths f i r s t  UV converter  inves t iga ted  was Bendix model No. BX 
8025-441-344 operated a t  6 kV and coupled t o  a s e l ec t ed  KCA 1P2S 
PMT. Upon exposure t o  t h e  40-mCi source, s igna l s  well above t h e  
system's o v e r a l l  dark cu r r en t  (2 x l o m 9  amp) were observed. That the  
s igna l  was not due t o  a luminous discharge i n  a i r  was ind ica ted  by tile 
f a c t  t h a t  an aluminum f o i l  placed i n  f r o n t  of t he  converter  did not  
a f f e c t  the  s igna l ,  whereas t he  PMT cu r ren t  dropped t o  i t s  dark leve l  
when the  f o i l  was placed between t h e  converter  and PNT. In order  t o  
v e r i f y  t h a t  t h e  FIlT s igna l  was assoc ia ted  with t h e  luminous output of 
t h e  converter ,  measurements were made using configurat ion A with the  
d i s t ance  between t h e  converter  and PNT being var ied  frcm 10 t o  SO cm. 
The observed PFlT cu r ren t  obeyed t h e  inverse square law, thus implying 
t h a t  the a i r  was not s t rongly  absorbing and t h a t  t he  photon source 
was located a t  t h e  UV converter .  A s imi l a r  response t o  e l ec t ron  
s 
i r r a d i a t i o n  was observed with a Bendix model 407X converter  operated a t  
5 kV and coupled t o  an EM1 978-3A tube having a quartz  \virldow. 
I t  i s  usefu l  t o  determine t h e  inc ident  W photon f l u x  which would 
produce the  same phosphor l i g h t  output  (or PMT cu r ren t ]  a s  t h a t  produced 
by t h e  9 0 ~ r .  This  was accomplished by replacing t h e  9 0 ~ r  with a UV 
source, measuring t h e  W f l u x  inc ident  Cn t h e  conver ta r ,  and comparing 
the  phosphor output  (as ind ica ted  by tltzt! PMT crdrrent) with t h a t  
produced wile11 t h e  9 0 ~ r  was i n  p lace .  Spoc i f i ca l ly ,  we used t h e  254-nm 
l i n e  of Hg t o  i l l umina te  t h e  converter  and measured t h e  r e s u l t i n g  photo- 
m u l t i p l i e r  r u r r e n t  a s  a funct ion of  t h e  d is tance  r between t h e  UV 
source and conver te r .  This photomult ipl ier  cur ren t  var ied  a s  r-.?. IVe 
then used the  W source t o  i l luminate  an NBS c a l i b r a t e d  photodiode 
[RbTo cathode, blgF2 window) and measured t h e  photodiode cur ren t  (and 
hence inc ident  UV f lux)  a s  a funct ion of t h e  d i s t ance  r between the  UV 
source and photodiode. This l a s t  measurement was checked with a UV 
i n t e n s i t y  meter. The d a t a  showed t h a t  the inc ident  UV f l ux  varied a s  
r Thus a r e l a t i o n  was es tab l i shed  between t h e  inc ident  W f l u x  and 
the r e s u l t i n g  cu r r en t  i n  t he  Ph1T which monitored t h e  l i g h t  output of t h e  
conve r t e r ' s  phosphor. This r e l a t i o n  enabled us  t o  c a l c u l a t e  t h e  
inc iden t  UV photar f i ux  needed t o  produce a given photomult ipl ier  cu r r en t .  
Using t h e  measured PMT curren2s r e s u l t i n e  from t h e  9 0 ~ r  i n t e n s i t y  of 
2 x 10' e/cm2-sec, we determined t h a t  the  equivalent  W f luxes  were of 
t he  o rde r  of l o8  and l o 7  photons/cm2-sec f o r  t h e  converter  with 
vol tage  on and o f f ,  respec t ive ly .  
We used t h e  e l ec t ron  beam of  t he  GSFC Van de Graaff t o  i nves t iga t e  
t h e  energy dependence of t he  radiation-induced s igna l  i n  the  converter .  
In t h i s  experiment t he  converter  (ITT model No. F4122) was placed i n  
a vacuum t o  reduce the  p o s s i b i l i t y  of arcing.  Figure 2 shows t h e  
response of t h e  converter  a s  a funct ion of inc ident  e l ec t ron  energy. 
There i s  very l i t t l e  e f f e c t  below 0.4 MeV. The radiat ion-induced s igna l  
increases  almost l i n e a r l y  from 0.5 t o  1.4 MeV. The s igna l  continues t o  
i nc rease ,  but a t  a s l i g h t l y  slower r a t e ,  from 1 .4  t o  1.8 b!eV. A t  the  
higher  energies  an appreciable  s igna l  was observed when t h e  converter  
vo l tage  was o f f .  This suggests t h a t  pa r t  of t he  e f f e c t  observed a t  
higher  energy may be due t o  d i r e c t  ac t iva t ion  of t h e  phosphor by e lec t rons  
which h ~ v e  penetrated t h e  converter .  I t  is  i n s t r u c t i v e  t o  compare these  
experimental r e s u l t s  with those expected i f  t h e  electron-induced response 
i s  due t o  Cerenkav production i n  t h e  MgF2 window of t h e  W conver te r ,  
The Cerenkov y i e l d  was ca l cu la t ed  on the  assumption t h a t  mul t ip le  r e f l e c -  
t i o n s  i n  t he  MgF? could be ignored and t h a t  t h e r e  was no Fresnel  p a r t i a l  
r e f l s c t i o ~ \  a t  t h e  i n t e r f a c e  between the  MgF? window and the  CsTe photo- 
c a t h ~ l o ,  This l a t t e r  assumption seems p l aus ib l e  because t h e  CsTe is 
deposi ted d i r e c t l y  onto t h e  MgF2 window. A t y p i c a l  quantum e f f i c i ency  
was used foc t h e  CsTe i n  order  t o  determine t h e  converter  output which 
would be produced by Cerenkov r ad ia t ion  i n  t he  MgF:, The ca l cu la t ed  
converter  output  i s  shown i n  f i g u r e  2 ,  
Both our d a t a  and t h e  r e s u l t s  of Viehmann (Applied Optics - 14, 2101, 
1975) suggest t h a t  both f luorescence and Cerenkov r ad ia t ion  con t r ibu te  t o  
t h e  observed converter  s igna l .  However, t h e  r e s u l t s  shorm i n  f i g u r e  2 
i n d i c a t e  t h a t  Cerenkov r a d i a t i o n  i s  the dominant e f f e c t .  
FINE ERROR SENSOR 
Introduct ion 
The purpose of t he  FES is  t o  keep the  te lescope  pointed i n  t h e  
d e s i r e d  d i r e c t i o n .  The FES used on the  IUE c o n s i s t s  of  a magnet ical ly  
focused image d i s sec to r  tube (ITT Model No. F4012-RP, S-20 photocathode, 
qua r t z  window) incorporated i n t o  a f u l l  o p t i c a l / e l e c t r o n i c  system 
designed t o  provide p rec i se  t a r g e t  acqu i s i t i on .  As the  f i e l d  of view 
of t h e  FES i s  l imi ted  t o  a  small s o l i d  angle,  t he  device must be capable 
of de t ec t ing  small s igna l s .  Because the  FES must have an unobstructed 
f i e l d  of view, it i s  d i f f i c u l t  t o  sh ie ld  aga ins t  Ear th ' s  Van Allen b e l t  
e l ec t rons ,  cosmic rays ,  and s o l a r  f l a r e  p a r t i c l e s .  This i s  e spec i a l ly  
t r u e  f o r  t he  f ~ c u s i n g  o p t i c s  of t h e  FES. Hence it i s  important t o  
i nves t iga t e  t h e  e f f e c t s  of r ad i a t ion  on t h e  FES. 
Two types of experiments were performed involving r a d i a t i o n  of 
t h e  FES with an e lec t ron  source simulating Ear th ' s  ou ter  e l ec t ron  
b e l t .  In t h e  f i r s t  experiment t h e  dark cu r r en t  and s p e c t r a l  response 
of t h e  Image Dissector Tube (IDT) were measured before and a f t e r  
exposure t o  our  40-mCi source of 9 0 ~ r .  In t h e  second experiment t h e  
dark cu r r en t  was determined during exposure of tho tube t o  e l ec t rons  from 
t h e  9 0 ~ r  source, and then during i r r a d i a t i o n  with e l ec t rons  from t h e  
Van de Graaff a t  GSFC, The experimental r e s u l t s  of  t he  i r r a d i a t i o n  of a 
s a t  of Schot t  g l a s se s  proposed f o r  use i n  t h e  focusing o p t i c s  of  thc? FES 
a r e  discussed l a t e r  i n  t h i s  r epo r t .  
Permanent Degradation Ef fec t s  
A technique was devised f o r  studying degradation e f f e c t s  of  e l ec t ron  
i r r a d i a t i o n  of t h e  IDT. The FES e l ec t ron ic s  t e s t  package, which was 
constructed by our  personnel i n  co l labora t ion  with GSFC, d e t e c t s  s igna l s  
from a small por t ion  ( 2 . 7  x cm2] of t he  photocathode. The pos i t i on  
of  t he  a r e a  observed on t h e  photocathode can be se l ec t ed  by varying t h e  
s e t t i n g s  on hor izonta l  and v e r t i c a l  def lec t ion  potentiometers t h a t  con t ro l  
t h e  cu r r en t  t o  t h e  focus solenofds.  The FES e l e c t r o n i c s  has a pu lse  
amplitude d iscr imina tor  t o  r e j e c t  low amplitude noise  pulses .  Neutral 
dens i ty  f i l t e r s  were used i n  conjunction with a regula ted  br ightness  
source t o  s e t  t h e  d iscr imina tor  threshold ju s t  above the  noise  l e v e l .  
The output  pulses  passed by t h e  discr iminator  were counted by a Beckman 
frequency meter and recorded on a Digi tec p r i n t e r .  
To determine the  c h a r a c t e r i s t i c s  and response of  t he  tube,  t h e  
photocathode was i l luminated with a spectra-regulated 9-foot lambert 
b r ightness  source. The br ightness  source was used i n  conjunction with 
th ree  f i l t e r s  (428, 530, and 630 nm with respec t ive  bandwidths of 3 ,  5, 
and 5 nm) i n  o rde r  t o  obtain a measure of the  quantum e f f i c i ency  of t h e  
photocathode. The photocathode sur face  was scanned by varying t h e  
v e r t i c a l  and hor izonta l  de f l ec t ion  potentiometers.  Five r e sp re sen ta t ive  
groups, each containing f i v e  sample spo t s ,  were se l ec t ea  on the  bas i s  
of t h e i r  v a r i a t i o n  i n  s igna l  l eve l  and t h e i r  l oca t ion  on t h e  photo- 
cathode surface.  The physical loca t ion  of t he  viewing areas  and t h e i r  
correspondence with the  v e r t i c a l  and horizontal  de f l ec t ion  potentiometer 
s e t t i n g s  were known approximately from c a l i b r a t i o n  curves obtained 
during bui lding and t e s t i n g  of t he  e l ec t ron ic s  f o r  t he  FES. Figure 3 
shows t h e  sur face  of t he  photocathode and the loca t ion  of t he  ' f ive 
groups o f  f i v e  sample spots .  The l i n e s  connecting the  poin ts  i n d i c a t e  
t he  f i v e  groups of pos i t ions  which were chosen t o  represent  t h e  photo- 
cathode surface.  Counts were taken a t  each of t h e  25 sample spo t s  \;it11 
the brightness source on and off. Successive samplings of the 25 surface 
spots with the IDT first installed in its mount and then removed and 
installed again showed that the data were reproducible to within 3 
percent. 
The.technique just described was used to determine light (brightness 
source on) and dark (brightness source off) counting rates for each of 
the 25 positions. About 40 dark counts/sec were observed for each 
position. The IDT was thsn removed from its mount and its surface was 
exposed to a 40-mCi 9 0 ~ r  source for 25 hours to give a flux of ap- 
proximately 1012 e/cm2. This is approximately the flux which would be 
incident on an unshielded IDT in about four days in Earth's outer belt. 
The photocathode was scanned immediately following irradiation and 
then agah one day later. A typical set of data is shown in figure 4, 
which gives the count rate observed with the light on for each of the 
25 positions on the surface. These data were obtained with the 530-nm 
filter; similar results (including low and high count rates at the same 
positions) were obtained with the 428- and 630-nm filters. It is 
instructive to determine the area response of the photocathode by 
summing the count rate over the five individual positions for each of 
the groups shown in figure 3. The results so obtained are shown in 
table 1. The variation in the summed count rate from one filter to 
another is due to differences in the transmission and bandwidth of the 
filters and ta the quantum efficiency of the photocathode. We note 
that for a given filter the summed count rate is nearly the same for 
each area except for the one encompassing positions 1 through S. The 
variation in count rates among individual positions in figure 4 and 
a:aong the groups of positions in table 1 can be understood in terms of 
the manufacturer's specification that the output be uniform (within 20 
percent) over 80 percent of the photocathode diameter. The region of 
uniform output is shown in figure 3. Thus the low count rates for 
points 1, 2, and 7 in figure 4 are expected as they are located near 
the edge of the photocathode surface. This effect is also evident in 
table 1, which shows a substantially lower integrated count rate over 
the area which includes positions 1 and 2. The high count rate at 
points 5 and 8 may be due to blemishes on the photocathode surface. 
The e f f e c t s  of i r r a d i a t i o n  a r e  a l so  shown i n  f i g u r e  4.  The r e s u l t s  
i n d i c a t e  t h a t  some degradation has occurred a f t e r  exposure t o  1 x 1012 
e/cm2. For t he  530-nm f i l t e r  d a t a  shown i n  f i g u r e  4 ,  ,,he degradation 
i s  between 5 and 6 percent.  Another i nd ica t ion  of t h e  amount of 
degradat ion i s  given i n  t a b l e  1, where the  count r a t e  summed over a l l  
25 p o s i t i o n s  is  shown f o r  each of t he  f i l t e r s ,  The summed count r a t e s  
f o r  t h e  p re - i r r ad i a t ion  and pos t i r r ad i a t ion  scans ind ica t e  a degradation 
of about  f i v e  t o  e igh t  percent ,  but the summed count r a t e s  f o r  t h e  
scans performed one day a f t e r  i r r a d i a t i o n  a r e  within t h r e e  percent  of 
the  p r e - i r r a d i a t i o n  values.  This suggests t h a t  t h e  i r r r td ia t ion-  
induced degradation i s  no t  permanent and appears t o  recover  i n  about 
a day. 
Real-Time In te r fe rence  Effec ts  
In  order t o  study rea l - t ime e f f e c t s  f o r  the  FES, t h e  count r a t e s  a t  
p o s i t i o n s  19 snd 20 (see f i g .  3 )  were monitored before,  during,  a ~ t d  a f t e r  . 
i r r a d i a t i o n  of t h e  IDT. The measurements were performed i n  a dark room, 
and no ex terna l  l i g h t  source was used t o  i l luminate  t he  photocathode. 
The count  r a t e  before and a f t e r  exposure t o  r ad i a t ion  was about 10 counts/ 
sec.  Exposure t o  r ad i a t ion  from the  9 0 ~ r  source had a s i g n i f i c a n t  e f f e c t  
on t h e  measured s igna l .  Various f l u x  r a t e s  were obtained by cha~_&fig  
the  d i s t ance  between the  ca l ib ra t ed  9 0 ~ r  source and t h e  IDT, For t he  
d i s t ances  involved here,  absorpt ion and s c a t t e r i n g  by t h e  a i r  have very 
l i t t l e  e f f e c t  on the  emitted e lec t rons .  We found t h a t  t h e  CR increases  
almost l i n e a r l y  a t  a r a t e  of about 1.4 x counts/electron/cm2 f o r  
f l u x  r a t e s  ranging from 0 .1  t o  1 .3  *. 1013 e/cm2-sec. There i s  some 
dev ia t ion  from l i n e a r i t y  a t  t he  higher f l ux  r a t e s ;  t h i s  i s  probably 
due t o  s a tu ra t ion  of t he  e l ec t ron ic s  i n  t he  IDT. A s  each p ixe l  has an 
a rea  o f  2 . 7  u cm2, t h e  count r a t e  f o r  t h e  l i n e a r  por t ion  of t he  
graph corresponds t o  0.5 counts per  incident  e l ec t ron .  
Similar  exper imen~s  u t i l i z i n g  the  2-bleV Van de Graaff acce l e ra to r  
a t  GSFC have been performed. In addi t ion t o  observing t h e  e f f e c t s  
produced by varying the  inc ident  e lec t ron  f lux ,  t he  energy dependence 
of t h e  radiation-induced count r a t e  was inves t iga ted .  The Van de Graaff 
r e s u l t s  i nd ica t e  t h a t  a t  1 .1 bleV the  radiation-induced count r a t e  v a r i e s  
linearly with incident electron flux rate, For a given flux rate, we 
found that the CR increases linearly with electron energy between 0.5 and 
1.1 MeV. 
SEC CAMERA TUBE 
An electrostatically focused Westinghouse SEC vidicon camera tube 
is used on tlre IUE to store an image for subsequent transmission to 
Earth. As the IUE spends several hours in Earth's outer electron belt 
during one orbit, tcsts were performed to determine the effect of this 
exposure on the stored image, An image was placed on the KC1 target 
of a flight-rated tube (WX-32224) at GSFC. The tube and attached fiber 
optics plate were then flown to Old Dominion University for irradiation 
wit11 our 9 0 ~ r  source, Exposure to radiation began approximately three 
hr after implantation of the image, The tube was exposed to a total flux 
of about 1.7 x lo1 e/cm2 at a rate of about 1.4 x 10': e/cm2-sec. This 
dosage and rate are equivalent to ?hose expected for the IUE in one orbit 
in the outer radiation belt. After irradiation, the tube was immediately 
taken back to GSFC to assess the effects of electron radiation on the 
stored image. Although the irradiation did not produce a serious 
deterioration of the image, a pulse height analysis of the readout before 
and after irradiation showed that there was an increase in the relative 
number of small pulses. This indicates a general increase of the back- 
ground signal. 
OPTICAL GLASSES 
Introduction 
We measured electron-induced degradation for glasses commonly used in 
optical systems of astronomical satellites. Corning 7052 and 7056 glasses 
were two samples investigated. After irradiation with 2 x lo1 e/cm2 from 
9 0 ~ r ,  the 7052 glass had a transmission at 300 nm equal to 15 percent of 
its unirradiated value. This increased rapidly to 75 percent at 500 nm 
and increased more gradually to 90 percent at 700 nm. 
Schott  g l a s se s  s imi l a r  t o  those used i n  tho  FES wore inves t iga ted  i n  
d e t a i l .  Samplos were i r r a d i a t e d  with monoenergetic e l ec t ron  bea~ns from 
2 t o  7 bleV o:id a t  dosages up t o  lo1" e/cm2, which corresponds approximately 
t o  a 1-yew IUE o r b i t  without sh ie ld ing .  Ttte degradation was l a r g e s t  
a t  t h e  sho r t e r  wavelengths, A t  t he  highest dose, t h e  t ransmission a t  400 nm 
was about 15 percent  of t h e  uni r rad ia ted  value.  Tlle t raneniss ion  r e s u l t s  
were used t o  c a l c u l a t e  t h e  degradation wlricll would be experienced by a 
de t ec t ing  system, cons is t ing  of an 5-20 photocathode behind one of t he  
FES g l a s ses ,  used t o  view a s t a r  with an assumed temperature,  These 
ca l cu la t ions  r e s u l t e d  i n  rec:zn,m; ndations t o  t he  IUE Pro jec t  
optimum arrangement of glassrsr ; 1 t h e  FES. 
We a l so  inves t iga t ed  degradation in  g lasses  i r r a d i a t e d  with protons.  
The Schot t  g l a s se s  commonly used i n  spuco technology were i r r a d i a t e d  with 
55-bIeV protons t o  f luxes  from 1011 t o  lo1'' p/cm--. Determinations were 
made o f  the t~bsorp t ion  btznds i n  each g l a s s ,  t h e  growth of t he  induced 
absorpt ion a s  a funct ion of t o t a l  dose, ancl t he  growth i n  the dens i ty  of 
the cola? centers  (e lec t rons  OF positi~:i!  holes  trapped st s p e c i f i c  sites 
i n  t h e  glass network') versus t o t a l  dose. Similar  analyses  were performed 
on d a t a  we pToviously obtained from e lec t ron  i r r a d i a t i o n  of t hese  same 
th ree  types of g lnss .  IVllile i t  was found i n  t h i s  investigation t h a t  
e l ec t rons  ancl protons produce absorption bnnds with peaks a t  t he  snrnc 
energ ies  f o r  any one g l a s s ,  otlrer ovidenco f ro~n  t h i s  s tudy poin ts  t o  
d i f f e r ences  i n  tho sa tu ra t ion  l e v e l s  of the  induced nbsorption produced by 
each type o f  r a d i a t i o n .  These r e s u l t s  were published i n  Applied Optics 
(bl. F . Bnrtusiak nnd J . Becher , Appl . Opt. 18, 3342, 1979) . t\ copy of 
t h i s  paper is  at tached (see Appendix A ) .  Solno aspec ts  of t h i s  work \~lrich 
a re  not  reported i n  d e t a i l  i n  t he  paper are discussed bclow, This mater ial  
i s  taken l a rge ly  from the  t h e s i s  of blarcia F .  Bnrtusiak, who received 
he:r blaster of  Scionco dogree from ODU i n  1979. 
\glen any mntorinl i s  suhj ected t o  rudin t ion ,  two 111nin o f f o c t s  occur: 
ato111i.c displnccment anci i on iz r t i on .  In displacurnent, t h e  incoming p a r t i c l e  
o r  photon d i sp l aces  an :itom of t he  111nteria1 from i t s  nornlal 1:l t t icc 
pos i t i on .  In h ighly  s t r u c t ~ t r c d  matorials  such a s  c r y s t a l s ,  t h i s  call change 
c e r t a i n  physical  propert ies .  B v . t ,  s ince most ceramic  luteri rials have nn 
nmorphous s t ruc tu re ,  displace~ncnt  e f f e c t s  play a minor r o l c  i n  deterniining 
t h e  t ransmission response of a g l a s s  t o  r a d i a t i o n  environments. Ionizat ion 
is  t h e  dominant f a c t o r  f o r  g lasses .  
In i on iza t ion ,  t he  incoming r a d i a t i o n  detaches e l ec t rons  from atoms 
of t h e  mater ia l ,  allowing them t o  move through the  atomic network. In 
g l a s s  these  f r e e  o lec t rons  and r e s u l t i n g  p o s i t i v e  holes  can then be 
t rapped in  such de fec t s  a s  ion vacancies,  impur i t ies ,  o r  nonbridging 
osygens. For example, an e lec t ron  could become bound t o  a negat ive ion 
vacancy i n  t h e  g l a s s  l a t t i c e ,  Once t h e  charge c a r r i e r s  a r e  trapped, 
t hey  a r e  capable of absorbing l i g h t  by e l e c t r o n i c  t r a n s i t i o n s ;  t he  exact 
frequency w i l l  depend on the  environment surrounding t h e  trapped e l ec t ron  
o r  ho le .  These o p t i c a l l y  a c t i v e  s i t e s  a r e  known a s  co lor  cen te r s .  
Experimental De ta i l s  
The g l a s s  samples were i r r a d i a t e d  with protons from the  isochronous 
cyc lo t ron  a t  t h e  Universi ty  of blaryland. An energy of 85 bleV was se lec ted  
s i n c e  the  'G.3-cm proton range f o r  g l a s s  at- t h a t  energy was much g rea t e r  
than the  0.2-cm thickness  of t he  samples, thus providing a r e l a t i v e l y  
uniform energy depos i t ion  throughout t he  g l a s s  sample. 
The proton beam \gas d i rec ted  t o  a c i r c u l a r  s c a t t e r i n g  chamber which 
was approximately 1.5 m (60 i n . )  i n  diameter and 0.9-m (36-in.)  high. 
Before i r r a d i a t i o n ,  t h e  g l a s s  samples and a s c i n t i l l a t o r  were mounted on a 
5 .1  Y 22.9 cm ( 2  Y 9 i n . )  ladder which was a f f ixed  t o  a platform i n  t h e  
c e n t e r  of t h e  chamber. This platform could be ro t a t ed  under ex terna l  
con t ro l  so t h a t  t he  g l a s s  sur faces  were normal t o  t he  beam l i n e  t o  within 
a t e n t h  of a degree (see f i g .  5 ) .  Once the  samples were mounted, the  
chamber was c losed  and then evacuated t o  1 0 ' ~  t o r r .  Each sample was 
ind iv idua l ly  placed i n  pos i t i on  f o r  i r r a d i a t i o n  by r a i s i n g  o r  lowering 
t h e  platform v i a  e l ec t ron ic  cont ro l  from t h e  cyc lo t ron ' s  opera t iona l  
c o n t r o l  a rea .  The s c i n t i l l a t o r  was posi t ioned i n t o  t h e  beam t o  observe 
t h e  beam p r o f i l e  and make sure it was f a i r l y  uniform. The cen te r  of 
each g l a s s  could be al igned with the  beam t o  an accuracy of 0 .3 nn. 
Once a g l a s s  was posi t ioned i n t o  t h e  beam l i n e ,  the  proton beam would 
be turned on and i t s  cur ren t  !clnitored by a Faraday cup located several  
f e e t  behind t h e  chamber a t  t h e  end of t he  beain l i n e .  A cu r ren t  i n t eg ra to r  
measured the  inc iden t  f l u x  and autolnatically shut  t h e  beam o f f  when a 
p r e s e t  t o t a l  charge was reached. A t  t h a t  t ime, t he  platform would be 
ad jus t ed  t o  pos i t i on  another sample i n t o  the  beam l i n e ,  Once a l l  t he  
g l a s s e s  were i r r a d i a t e d  t o  a c e r t a i n  Eluence, t h e  chamber's vaccum was 
Sroken, and the  samples were taken out f o r  transmission meaLurements, 
Transmission bleasurements 
The t ransmission spec t r a  of t he  g l a s ses  were measured by a Perkin- 
Elmer bIodel 200 spectrophotometer . This i s  a double-beam, g ra t ing  
spectrophotometer which i s  designed t o  measure t ransmissions i n  t he  
u l t r a v i o l e t  t o  v i s i b l e  range. A deuterium lamp was used a s  t he  l i g h t  
0 0 
source f o r  a scan from 2800 A t o  3700 A, while a tungsten lamp was 
0 0 
used from 3700 A t o  7000 A. The bandpass was s e t  tit 1 .0  nln. The 
g l a s s e s  were marked so t h a t  they \,ere posi t ioned i n  t he  sample holder 
with t h e  same m i e n t a t i o n  ench time a t ransmission measurement was 
made. These measurements were taken approximately one h r  a f t e r  
i r r a d i a t i o n .  During a cal ibrrr t ion of the spectrophotometer, it  was 
determined t h a t  t h e  percent transmission measurements weye reproducible  
t o  20.2,  percent .  The wavelength r e p e a t a b i l i t y  of t he  Perkin-Elmer was 
0 
2.0 A.  
0 
The transmission scans of each pro ton- i r rad ia ted  g l a s s  from 2800 A 
0 
t o  7000 A a r e  shown i n  f i gu res  6 t o  8. A s  discussed previously,  
measurements were taken a f t e r  each exposure t o  t h e  85-bleV protons from 
f luences  of about 5 x lo1  l~/cm2 t o  1.5 u lo1'' p /c~n2.  As expected, 
each g l a s s  exhib i ted  d i f f  erent transmission curves,  t he  p a r t i c u l a r  
response being dependent on the  composition of t h e  g l a s s .  The Lop curve 
i n  each f igu re  i n d i c a t e s  t he  transmission spectrum of the  uni r rad ia ted  
sample; the  other four  curves show how the  t ransmission degrades with 
each succeeding dosage of protons. 
0 
A t  the  h ighes t  f luence,  t he  transmission a t  4000 A of a11 3 
g l a s s e s  decreased by more than S5 percent .  The degradation was l a r g e s t  
a t  t h e  blue end of  t h e  spectrum and decreased a s  t h e  \vavelength 
0 0 
increased.  The d e t e r i o r a t i o n  was l e s s  severe above 6000 A.  A t  0800 A ,  
t ransmissions decreased by 60 percent o r  l e s s .  LaK 2 1  and KzFS N4 
maintained the  l a r g e s t  transmission l e v e l s  i n  t h e  sho r t e r  wavelengths 
whi le  KzFS N4 and LF 5 cl~anged t h e  l e a s t  i n  t h e  longer wavelengths. These 
r e s u l t s  a r e  summarized i n  t a b l e  2.  
One can compare t h e  transmission curves produced by t h e  85-MeV proton 
i r r a d i a t i o n s  ( f igs .  6-5) with t h e  spec t r a l  responses of t h e  3 g l a s ses  
t o  i r r a d i a t i o n  by 7.0-bleV e l ec t rons  ( f i g s ,  9-11). The f luences  of  t h e  3 
e lec t ron  i r r a d i a t i o n s  were 1 .0  u 10': e/cm2, 5.0 * 10'' e/cm2, and ' l .O 
u l o i 3  e/cm2. I t  appears t h a t  f o r  any one g l a s s  both protons and e l ec t rons  
produce s i m i l a r  degradation i n  t h e  u l t r a v i o l e t  t o  v i s i b l e  range under study. 
I t  i s  evident t h a t  each g l a s s  i s  absorbing i n  a c e r t a i n  a r ea  of t h e  spectrum, 
with t h a t  absorpt ion growing a s  t h e  dosages inc rease ,  By comparing the  
tyansmission curves produced by proton and e l ec t ron  i r r a d i a t i o n s ,  it can be 
0 0 
seen t h a t  LaK 21 slrows absorpt ion areas  around 6200 A and 3900 A,  t h a t  KzFS 
0 
N4 absorbs a t  approsimately 4600 A, and t h a t  LI: 5 has n major absorpt ion 
0 
band around 3500 A ,  However, t o  obtain a more r igorous ana lys i s  of those 
absorpt ion bnnds, i t  is necessary t o  change tho  t ransmission da t a  t o  t h e i r  
corresponding absorpt ion c o e f f i c i e n t s .  The r e s u l t i n g  absorpt ion curves 
0 
ifere f i t t e d  by suparposing Gaussian absorptioii  bands. We found t h ~ t  fo r  
any one g l a s s  both protons and e l e c t r o ~ l s  produce absorpt ion bnnds whose 
penks are loca ted  n t  t h e  same energies .  This i s  expected, s ince  the  
energ ies  of t h e  coloy centers  a r e  dependent on t h e  g l a s s ,  i t s  de fec t s  
and composition, ra ther  than t h e  type of r a d i a t i o n  inducing the  co lo ra t ion .  
ill1 t h e  g l a s ses  examined exhibi ted threo Gaussian bands i n  t h e  near  
u l t rav io lc i :  t o  v i s i b l e  region. However, each g l a s s  had i t s  own uniquo 
f inge rp r in t :  LaR 2 1  with bnnds a t  2 .0  cV, 3.2 eV, and 4.6 eV; KzFS N4 
with bands a t  1 .5  eV, 2 .7  eV, and 3 . 8  eV; and LF 5 with bands a t  1 .7  eV, 
2 . 7  eV, and 3.5 eV. ill1 the resolved spec t r a  a l s o  had a four th  Gaussian 
loca ted  with an absorpt ion peak f i t t e d  a t  5 .5 eV o r  above. This high- 
energy band cha rac t e r i ze s  the s h i f t  i n  t he  absorpt ion edge toward longer 
\iavelengths a s  the  i r r a d i a t i o n  dosage increases .  
lJhsre t h e s e  bands will be located i n  any pa r t i cu l a r  g l a s s  i s  dependent 
on a number of  va r i ab l e s  which include \vhether t h e  g l a s s  was inado under 
reducing o r  os id iz ing  condit ions,  the  types ant1 timounts of impur i t ies  i n  
t h e  g l a s s ,  t ho  polar iz ing  polier of the  network modif iers ,  t he  nu~nbor of 
nonbridging osygens , t ho  coordinat  ion number of t h e  ca t ions ,  and the  amount 
of inul t ivalent  add i t i ves .  Since t h e  colnposition of t he  Schott  g losses  i s  
propr i e t a ry  information, it i s  beyond the  scope of t h i s  s tudy t o  a t t r i b u t e  
each center  t t .  a  p a r t i c u l a r  kind of e lecrron o r  hole  t r a p .  However, o the r  
s t u d i e s  of multicomponent g l a s ses  have found t h a t  most co lor  cen te r s  i n  
the  v i s i b l e  reg ion  can be a t t r i b u t e d  t o  hole  t rapping ,  while bands located 
a t  energ ies  l e s s  than 2.0 eV a r e  due t o  e l ec t ron  t rapping.  
As long a s  t h e  co lo r  cen te r s  a r e  not  a f f e c t i n g  one another  ( i . e .  t h e  
d e n s i t y  of t h e  centers  i s  smal l ) ,  t he  shape of each band a s  measured by t h e  
half-width U will not  change w i t 1 1  increased i r r a d i a t i o n .  Since the  band i s  
Gaussian, i t s  half-width w i l l  be constant  a s  t h e  number of c e n t e r s  increases .  
In comparing t h e  half-widths of a p a r t i c u l a r  band f o r  any one g l a s s  i n  
t a b l e s  3 t o  5  f o r  proton o r  e l ec t ron  i r r a d i a t i o n s ,  it i s  seen t h a t  t hese  
half-widths do not  d i f f e r  by more than 0 .1  eV. Cases where bandwidths 
f l u c t u a t e  more than 0.1 eV a r e  believed t o  be duo t o  t h e  lack of  information 
0 
a t  wnvelengths above 7000 A, This mads a  f i t  t o  any Gaussian below 1.8 eV 
d i f f i c u l t  and may have a f f ec t ed  t h e  parameters of t he  o ther  Gaussians t o  
a  minor e s t en t .  
# 
The l a r g e s t  v a r i a t i o n  of half-widths occurred i n  t h e  r e so lu t ion  of 
LaK 21. The nlasimum induced absorpt ion produced by the  5 . 1  x 1011 p/cm2 
f luence  was very  low ( i 1 . 3 ) .  Thus, the  low-energy Gaussians were not well 
developed. Their  f i t t e d  half-widths var ied appreciably from those  found 
a t  t h e  higher dosages. The half-widths of t h e  bands a t  t he  two higher 
proton dosages f o r  a l l  t h e  g lasses  a r e  a  more r e l i a b l e  gauge of  t h e  
s t r u c t u r e  of t h e  Gaussian bands s ince  the  absorpt ion bands have developed 
f u l l y  a f t e r  those  heavier i r r a d i a t i o n s .  
Although proton and e l ec t ron  i r r a d i a t i o n s  produce the  same color  
c e n t e r s  i n  any one g l a s s ,  it can be seen by comparing the  induced absorption 
s p e c t r a  for  both i r r a d i a t i o n s  thac the re  a r e  d i f f e r ences  between them. 
Figure 1 2  compares t he  induced absorpt ion spectrum of LF 5 a f t e r  a  proton 
i r r a d i a t i o n  of 1 .5  u 1014 p/cm2 with i t s  spectrum a f t e r  an e l ec t ron  
i r r a d i a t i o n  of 1 .0 u 1013 e/cm2. I t  can be seen t h a t  t he  protons induced 
a  g r e a t e r  absorpt ion a t  t h e  lower end of t he  specti*um. This s i t u a t i o n  
r eve r se s  a t  t he  higher energies .  In t h a t  a r ea  the  e l ec t ron  i r r a d i a t i o n  
produced the  l a r g e s t  e f f e c t .  To be t te r  observe and analyze t h i s  phenomenon, 
one must compare absorption gro\vth curves.  A p l o t  of induced absorpt ion 
versus dose showed t h a t  t h e  induced absorpt ion increased l i n e a r l y  on a  
log-log s c a l e  up t o  about l o 6  rad and then quickly a t t a i n e d  a sa tu ra t ion  
l e v e l ,  
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I t  is i n s t r u c t i v e  t o  d iscuss  t he  induced absorpt ion i n  terms of co lor  
c e n t e r s ,  The r e l a t i o n  between induced absorpt ion and concentrat ion of 
c o l o r  centers  is  given by Smakulals equation (A. Smakula, Z ,  Physik 59, 
-
603, 1930). In terms of t he  half-width U of a  Gaussian band, t h e  
equat ion becomes (D.L. Dexter, Phys. Rev. 101, 48, 1956) 
-
where N i s  t h e  concentrat ion of co lor  centers  i n  a  p a r t i c u l a r  band, n  
is  t h e  indes of r e f r a c t i o n  of t h e  mater ia l ,  U i s  given i n  eV, n i s  
m 
t h e  induced absorpt ion a t  the  peak of t he  band, and f i s  t h e  o s c i l l a t o r  
s t r eng th  (a measure of  t h e  s t r eng th  of the  p a r t i c u l a r  e l e c t r o n i c  t r a n s i t i o n  
causing the  absorp t ion) .  This der iva t ion  assumes t h a t  t h e  width of t he  
absorpt ion band a r i s e s  from the i n t e r a c t i o n  of t h e  co lor  cen te r  with t h e  
l a t t i c e  v ib ra t ions .  
In computing co lo r  center  d e n s i t i e s ,  U and am a r e  e a s i l y  obtained 
from the resolved induced absorpt ion spec t ra .  However, t h e r e  a r e  no 
measurements of f  f o r  the  g lasses  under study. Values from 0.2 ( the 
o s c i l l a t o r  s t r eng th  of a  color  center  i n  fused s i l i c a )  t o  1 have been 
used a s  an approximation f o r  g lass .  The value may a l s o  vary f o r  each 
d i f f e r e n t  co lo r  cen te r  i n  a  p a r t i c u l a r  g l a s s .  In t h i s  s tudy,  f  = 1 
was u:.ed i n  ca l cu la t ing  N f o r  each band of each g l a s s .  The r e s u l t s  
a r e  tabulated i n  t a b l e s  6 t o  8. The maximum dens i ty  obtained i n  t h i s  
s tudy  was %lo1' co lor  centers  per  cubic cent imeter .  This agrees  with 
published r e s u l t s  f o r  o the r  types of g l a s s  (Paul W. Levy, J .  Amer. 
Ceramic Soc . - 33, 389, 1960) . 
As can be seen from Smakulals equation, t h e  co lor  cen te r  dens i ty  
N i s  d i r e c t l y  propor t iona l  t o  (s ince under i dea l  condi t ions  t h e  
half-width U would be cons tan t ) .  Therefore,  t h e  absorpt ion growth 
equat ion can be r e l a t e d  t o  color  d e n s i t i e s .  This leads t o  
where 9 is  t h e  t o t a l  dose ( in  r a d s )  and A1 and b a r e  cons tan ts  which 
depend on t h e  wavelength and t h e  g l a s s  type. An equation of  t h i s  form 
has been previously obtained through k i n e t i c  co lor ing  theo r i e s  (K.J. Swyler, 
W,H, Hardy 11, and P.W. Levy, IEEE Transactions on Nuclear Science, NS-22, 
2259, 1975). 
The da t a  i n  t a b l e s  6 t o  8 were f i t t e d  t o  t h i s  equation using t h e  co lo r  
c e n t e r  d e n s i t i e s  of each band i n  a p a r t i c u l a r  g l a s s  with i t s  corresponding 
dose i n  rads.  Figures 13  and 14 exh ib i t  t h e  t y p i c a l  response of a l l  t h r ee  
g l a s s e s  t o  e l ec t ron  and proton i r rad ia t ions-a  l i n e a r  growth of t h e  co lor  
c e n t e r  dens i ty  a t  low fluerlces and a rapid s a t u r a t i o n  a t  a dose of  around 
lo6 r ads ,  The s o l i d  l i n e  through t h e  da t a  poin ts  was generated using t h e  
parameters A 1  and b from t h e  f i t t i n g  process .  Those parameters,  both 
f o r  t h e  e l ec t ron  and proton i r r a d i a t i o n s ,  a r e  l i s t e d  i n  t a b l e  9. The 
e f f e c t s  observed i n  t h e  absorpt ion growth curves a r e  a l s o  present  i n  f i gu res  
15 and 16, where t h e  co lor  center  d e n s i t i e s  a s  a funct ion of t h e  t o t a l  
absorbed dose f o r  t h e  e l ec t ron  i r r a d i a t i o n s  a r e  compared with t h e  d e n s i t i e s  
produced by t h e  proton i r r a d i a t i o n s .  As i n  the absorpt ion growth curves,  
t he  s a tu ra t ion  l e v e l s  of  t h e  e l ec t ron  i r r a d i a t i o n  d a t a  f a l l  below those of 
t he  protons f o r  low-energy co lor  centers  while t h e  s i t u a t i o n  reverses  a t  
higher  energies .  
I t  appears t h a t  protons favor  formation of low-energy c o l o ~  cen te r s  
more than t h e  e l ec t rons ,  while t h e  e lec t rons  have a g rea t e r  in f luence  
i n  c r ea t ing  c e n t e r s  a t  t he  higher energies  f o r  t he  range of energ ies  
s tud ied  here and f o r  t h e  g l a s ses  being considered. This type of behavior 
(a separa te  response i n  co lor  cen te r  formation t o  d i f f e r e n t  types of 
r a d i a t i o n )  h a s  been observed i n  a l k a l i  ha l ides .  I t  has been repor ted  
(F. Fischer,  2. Physik 1S4, 534, 1959) t h a t  t he re  a r e  minor ye t  d i s t i n c t  
d i f f e r ences  between t h e  co lora t ion  by X-rays and by e l ec t rons  on LiF, NaF, 
and NaC1. 
ELECTRONIC CONPONENTS 
Introduct ion 
As p a r t  of our i nves t iga t ion  of e l ec t ro -op t i ca l  instruments ,  we de t e r -  
mined e f f e c t s  induced by e l ec t rons  inc ident  on metal-oxide-semiconductor 
f i e l d  e f f e c t  t r a n s i s t o r s  (blOSFETs) s imi l a r  t o  those used i n  c i r c u i t s  of 
astronomical s a t e l l i t e s .  IVe chose MOSFETs which opera te  i n  t he  enlrnncement 
mode because these  a r e  used a s  log ic  g a t e s ,  Both n-channel and p-channel 
b1OSFETs were inves t iga ted .  In p a r t i c u l a r ,  we i r r a d i a t e d  t h e  ?N-4351 n- 
channel and 2N-4352 p-channel Motorola MOSFETs and t h e  n-channel blOSFET 
from a CD 4007AE COS/blOS dual complementary p lus  i n v e r t e r  r~ianufactured 
by RCA. This repor t  o f  our r e s u l t s  f o r  MOSFETs i s  taken l a r g e l y  from 
t h e  t h e s i s  of  blark D. Skeldon who received h i s  blaster of Science degree 
from Old Dominion University i n  1977. 
An n-channel blOSFET cons i s t s  of two channels of n  mater ial  
which nre i n l a i d  on a  subs t r a t e  of p  mater ia l  a s  i l l u s t r a t e d  i n  
f i g u r e  17. A l aye r  of i n su la to r  ma te r i a l ,  i n  t h i s  case SiO:, i s  placed 
over  the  channels.  The metal ga t e  e lec t rode  i s  placed on top of t he  
i n s u l a t o r  and extends from the  source t o  t he  d ra in  channels of t h e  
semiconductor, In t he  p-channel FlOSFET t h e  n and p mater ia l s  a r e  
interchanged. 
In t he  enhancement mode blOSFET, the  ga t e  must be forward biased 
t o  produce a c t i v e  majori ty  c a r r i e r s  i n  t h e  channel located beneath t h e  
g a t e  and i n s u l a t o r  mater ial  between the  source and d ra in  channels. In 
an n-channel NOSFET, a  pos i t i ve  vol tage appl ied t o  t he  ga t e  w i l l  draw 
e l ec t rons  i n t o  t h i s  channel, causing t h i s  channel t o  e f f e c t i v e l y  become 
n inaterial  and allowing a  low-resistance conduction path t o  e x i s t  
between the  source and dra in  channels. The r e s i s t a n - 3  i n  t h e  channel 
i s  con t ro l l ed  by the  applied g a t e  vol tage.  Application of a  l a rge  
forward b i a s  t o  the  ga t e  wil l  draw more majori ty  c a r r i e r s  i n t o  t h e  channel, 
thereby  lowering the  resis tar ice from source t o  d r a i n  and allowing more 
cu r r en t  t o  flow. A t  zero o r  reverse b i a s  ga t e  vol tage,  no usefu l  
channel conduct iv i ty  e x i s t s  and l i t t i e  o r  no c u r ~ e n t  will flow from 
source  t o  d ra in ;  t h i s  causes t h e  device t o  t u rn  o f f .  In t he  p-channel 
blOSFET, forward biasing is  through increasing negat ive vol tage .  The 
application of a negative voltage to tho gate will draw holes into the 
channel, lowering the source-to-drain resistance and allowing current 
to flow through the semiconductor, Thus, in these devices, the application 
of a forward bias to the gate enhances the flow of current through the 
channel. 
The CD4011AEs tested contain four dual input NAND gates, A dual 
input NAND gate consists of two n-channel enhancement mode MOSFETs 
connected in series with VSS and the output voltage (VoUt) and two 
p-channel enhancement mode MOSFETs connected in parallel with VDD and 
Vout as shown in figure 18. A low signal (0 V) applied to input A or B will 
turn off the corresponding n-channel MOSFET and turn on the corresponding 
p-channel NOSFET causing Vout to be at the supply voltage. Application 
of a high signal to input A or B will turn off the corresponding p-channel 
MOSFET and turn on the corresponding n-channel MOSFET; however, the only 
time Vout will be tied to VSS is when both n-channel devices are 
turned on, in other words, when both inputs A and B are high. In this 
manner ir . will be high whenever input A or B [or both) is low, and 
out 
Vout will be low only when inputs A and B are both high, 
The damage mechanism in MOSFETs, both n-channel and p-channel, has 
been investigated by many researchers. It is believed that the primary 
mechanism for threshold voltage shifts in these devices is due to 
radiation-induced space charge buildup in the' gate oxide. The radiation 
produces electron hole pairs in the oxide layer through ionization. The 
holes which are relatively immobile build up in the oxide layer. The 
electrons, however, are mobile and drift towards the more positive 
electrode where they can leave the oxide. This positive charge buildup 
in the oxide causes the gate electrode to appear more positive to the 
semiconductor than is actually the case. Therefore, smaller values of 
positive gate voltage are required to produce the original drain current 
in the n-channel MOSFET, whereas larger values of negative gate voltage 
are required to ?reduce the original drain current in the p-channel 
blOSFET . 
Irradiation causes a change in the gate voltage vs. drain current 
characteristics of a MOSFET. In order to investigate these changes more 
extensively, it was necessary to perform many tests on the device under 
i r r a d i a t i o n .  A computer wag used t o  perform these  t e s t s .  The per iphera l  
devices  of t h e  computer appl ied vol tages t o  t h e  device,  read  output vo l tages  
from the device,  and t h e  computer analyzed these  d a t a  r a p i d l y  t o  s e l e c t  
and s t o r e  only  t h e  use fu l  information. 
The experiment centered around the  LSI-11 computer a s  i l l u s t r a t e d  i n  
t h e  block diagram of f i g u r e  19. 
Test ing Procedure 
The t e s t i n g  of p-channel and n-channel MOSFETs was performed by 
i r r a d i a t i n g  t h e  devices  i n  the  c i r c u i t  configurat ion shown i n  f i g u r e  20. 
The ga t e  vol tage  VG and the  supply vol tage  VS were supplied by t h e  
two D/A channels of t h e  computer. The vol tage  drop across  t h e  377 R 
r e s i s t o r ,  VD,  was measured by t h e  A/D o f  t h e  computer upon program 
r e q u e s t ,  
Data f o r  t he  d r a i n  cur ren t  vs .  ga te  vol tage  were obtained by a 
s imple FORTRAN program d i r e c t i n g  two D/As t o  supply 10 V t o  VS and -5 V 
t o  VG; VG was then incremented by 1 b i t  of t h e  D/A (0.0098 V) while 
sampling VD f o r  each increment u n t i l  VG reached +5 V ,  These values 
f o r  VG and VD were saved on d isk .  A second program used the  above 
d a t a  t o  c a l c u l a t e  the  d ra in  cu r r en t  f o r  each value of  tho ga t e  vol tage;  
t h e  r e s u l t s  were then displayed w i t 1 1  t he  p l o t t e r .  
Data f o r  t h e  tllreshold vol tage  vs.  dosage curves were obtained by 
another  FORTRAN program. Provisions were made i n  t h i s  program t o  spec i fy  
t h e  time i n t e r v a l  between t e s t s  of t h e  device and t h e  values of VG and 
VS t o  be appl ied  during t h i s  i n t e r v a l .  These vol tages  were continuously 
suppl ied  by t h e  D/As while the  computer was i n  a delayed looping process.  
The time period between t e s t s  was dependent on the  number of delay loops,  
which was one of  t he  spec i f ied  input  parameters. A t  t he  end of t h i s  
looping process ,  VS was s e t  t o  10 V and VG was s e t  t o  -5 V; VG was 
then  incremented by one b i t  of t h e  ? / A  u n t i l  only t h e  l e a s t  s i g n i f i c a n t  
b i t  o f  the A / D  was s e t  high. This  corresponds t o  0.0791 V o r  0.21 mA 
of  cu r r en t  flowing through the  337 1: r e s i s t o r .  The value of VG f o r  
t h i s  dra in  cu r r en t  (threshold vol tage)  rizs then saved, and t h e  o r i g i n a l  
spec i f i ed  values of VG and VS were appl ied before the  computer 
r e s t a r t e d  i t s  delay looping t o  repea t  the  process.  In t h i s  manner t h e  
th reshold  vol tage  was known a s  a funct ion of time and could be t r a n s l a t e d  
i n t o  a  funct ion of dosage. This information was displayed f o r  t h a t  
spec i f i ed  b i a s ing  of t h e  device. 
Test ing of t he  dual  input  NAND ga te s  was performed by a  simple FORTRAN 
program. Five v o l t s  were appl ied by a  power supply a s  t h e  supply vol tage 
t o  t h e  device. One input  C: each ga te  was t i e d  t o  t h e  st rply vo l t age ,  and 
t h e  second input  was incremented by one b i t  of t he  D/A while sampling the  
output  vo l tage  f o r  each increment. A predetermined number of t h e s e  t e s t s  
was performed continuous!y f o r  timing purposes, and only  the  input  and 
output  vo l tages  of t h e  l a s t  t e s t  were s tored  on a  d isk .  A number of these  
t e s t s  was performed and displayed graphica l ly ,  
The program which accumulates t h e  threshold vol tage  vs ,  dosage data  
f o r  these  ga t e s  is  a  modified version of the  p r  , i o u s  program. This  
program obta ins  t h e  threshold vol tage of t he  ga t e s  by ca l cu la t ing  t h e  
va lue  of t h e  input vo l tage  f o r  which t h e  output vol tage i s  ha l f  t h e  supply 
vol tage  (2.5 V) .  This  i s  done by taking a l l  t h e  poin ts  with output  
vo l tages  between 1 and 3.5 V and f i t t i n g  these  poin ts  t o  a  s t r a i g h t  l i n e .  
Once the equation of t h i s  l i n e  i s  known, t he  value of t h e  threshold 
vol tage  i s  determined by using the  output vo l tage  value of 7 .5  V and by 
s u b s t i t u t i n g  i n t o  t h e  equation of t he  l i n e  t o  determine t h e  threshold 
vol tnge .  This  threshold vol tage  value and t h e  s lope of  t he  l i n e  were 
then  the  only po in t s  saved on d i sk  f o r  each t e s t .  The s lopes of t h e  l i n e s  
were compared and found t o  be i n  c lo se  agreement, The threshold vol tages 
were taken f o r  a  known time i n t e r v a l  apar t  and were p lo t t ed  a s  a  funct ion 
of  time of exposure and t r a n s l a t e d  i n t o  dosage. 
The devices  were i r r a d i a t e d  with e l ec t rons  from a 40-mCi ? O S ~  source. 
Several  thicknesses  of sh ie ld ing  were used t o  degrade t h e  energy of t he  
e l ec t rons .  
Resul ts  and Discussion 
Both n- and p-channel MOSFFTs a r e  s e n s i t i v e  t o  e l ec t ron  i r r a d i a t i o n .  
The dra in  cur ren t  of t he  p-channel blOSFET a s  a  funct ion of ga t e  vol tage  
shows t h a t  t he  c h a r a c t e r i s t i c  shape of t h e  d ra in  cu r r en t  v s ,  ga t e  vol tage 
curve does not  change with accumulated dosage; however, t he  ga t e  vol tage 
a 
necessary to produce a given drain current decreases with accumulated 
dosage. This is illustrated in figure 21. The drain current of the 
n-channel MOSFET as a function of gate voltage was not measured due to 
delays in shipment of these devices. 
The threshold vuitsge shift in n- and p-channel MOSFETs depends on VG, 
the gate voltage, and VS, :he supply voltage applied during irradiation. 
This is illustrated in Eigtrres 22 to 27 where the variations in threshold 
voltage vs, dosagr are shown Zor various biasing conditions. There 
apparently exists a linear relatioltship between the threshold voltage 
and tba accumulated dosage. The slope of this linear relationship depends 
on the values ok VG and VS applied during irradiation. These slopes 
are summarized for various biasing conditions for both devices in table 
10. 
The rate at which the threshold voltage changes in both devices 
also depends on whether the device was previously irradiated. If the 
device was irradiated using one set of biasing conditions and was later 
irradiatsd with a second set of biasing conditions, the rate of change of 
the threshold voltage in the second case would be different than if the 
device had been initially irradiated with that biasing. One notable 
example of this effect is that n-channel MOSFETs irradiated with VG 
= +5 V and VS = 0 V can be annealed to approximately their original 
threshold voltage with continued irradiation by changing the biasing to 
VG = 0 V and VS = 0 or 10 V as shown in figure 28. Devices originally 
irradi'ated with VG = 0 V and VS = 0 or 10 V experience degradation in 
threshold voltage. 
The damage produced in n- and p-channel MOSFETs is long lasting. The 
decreased value of the threshold voltage remained fixed within a few 
tenths of a volt for periods of up to 30 days when kept at room temperature 
with no power applied. To remove the damage produced in these devices, 
we annealed them by heating in an oven to 300 "C. A minimum of one hour 
was required at this temperature to restore the device to within a few 
tenths of a volt of the original threshold voitage but always less than 
the original threshold voltage. Heating to 300 O C  for extended periods 
of up to 30 hr did not damage the devices; however, increases in the 
threshold voltage ceased after 1 hr of heating. Once annealed in this 
lnantror t ho  rlevioos Fitrrctiortuct lrorntally t t l th  no o f f a c t s  frotn provious ir- 
r a d i a t i o n s ,  Dovices wore irradiateti1 \ v i t l r  a p a r t i s t ~ l a r  b ias ing ,  nnnettled 
und ra i r rndia tac \  \tit11 another b ins ing ,  Tlris procodurt? was repontad ns 
lnnnp ns 10 t i n ~ o s  , L:ncl\ tinra t h e  dttll~ngc procl~icod Eollu\ved t h e  linenib 
r a l n t i o n s  swsr~nr~Lzad 111 t a b l o  10. 
Various thicknuusos aP itlu~l\inunr slriwlcling wore used t o  i lrvostigato 
tho r a l u t i o ~ r  butwetan t h e  onsrpy of tho electrons nnJ tlre daarttgt? ~~roducetd, 
'fhe tusts \Vera p o r f o n ~ ~ a d  or\ 11-clrannal blOSFl!'Ts i r rndintoi t  \ t i t h  VG a -5 V 
cln~l VS = O V ,  Slrielding \vms insorteci ttt tlie be,yinning of tho t o s t  anti 
rol~lovgcl ttt tlm 111it1dlb of tlro t e s t s ,  Slopas of t h e  tlrreslrolcl vol tage vs ,  
Llosngo art? Y * I O \ J ~ ~  i l l  t:iyi\r~s 29 :u\J 30,  
Tn o~ro  o:tso Gllu cuvor oF P p-chn111lt11 b105I:E'l' \vns rt?lnovtrrl ant1 the  
i!tsvice \vtts Lrrttcliat(3i1. A 11\oru r tq~i t l  cle~rnifntion duo t o  t he  Inck o f  tlra 
slrlolciing was not icad ,  Aftor i r rn l l ln t ion  tho  dovica wns oxposed t o  u l t r n -  
\ l iolet  rncllatiorr Frol~\ :i Ir\rrcury paul tglrt sourco, 'l'l~e ~>rnlLgl\t  lrnd t o  
be ~)lilcetl \ v i t l r i ~ r  0 .  1 ~ 1 1 1  01' tile lluvice b e f a ~ a  s i g n i f i c a n t  itntronl iirg wns 
not iced. Onto :innen1 ins hcgnn, t h e  o r i  gin0 1 ~ ~ ~ T G S I I O  Lei V::~LIC \?:IS i ~ t t i ~ i ~ l ~ d  
i i r  1 I )\lid i t  io~rn l  osllostrrc t o  the  u l t r n v i o l e t  r:rlii:~tio~r incrc?ns~d 
tho t l ~ r e s l ~ o l l i  vol togo heyand the  n r  is inn l vnluc,  A aecolr3 irratlLatiun 
olr1\ u l t r n v i o l o t  nnlrt\ul of t he  stun0 tte\r ice wore lre~t:or*nrcd, ntrd rlrp rest1 1 t s  
itre sho\al in f iguro 31, 
Our study \ ~ i  t h  tlla 11-clrn~lnu l blOSI:l:I' of clrt. CD.lclll:Al:, sl~owed Jegrttdat i o l ~ s  
sin\il:ts t o  tlto 2Nd35: n-cllnnnel blOSI:li'T, Ilowc?vor, rlro r n t c  of clr;\ngo tit' 
t l rc l  threslrolel v o l c o ~ u  \vns l e s s  due to cl\c J i f fo~*once  i n  pnchitge s h l c l c i i n ~  
:r~al tlosuge recoi \wJ.  
'Tlrc? :'\vitching clr:\rnctt.rist i c s  OF the COS/bIOS Ju:kl i n ~ i r t  NtZNll Scrtrs ; \re 
:rffr\ctt?ll h!* electror\  i r r : rJ la t ion.  After  irrndl:lt.ion rlre ourpilr vol tage 
froer tho ttovico s\(ii,tcltec! frall~ high to  low wi.tl~ lo\vt\r vclli~es of tlro inllut 
v o l t a ~ r , .  'l'llls I s  s11or~1.r i n  ic'i~i11-tj 32, \vl\ero t l ~ c  ~ i g l \ t n ~ o s t  crrrvc i s  tlltt 
norarnl cl\nl*ac t o r  i s t it' ci~r\*a with nu i,t*rutlint ion trnil \vcls rcl)ro~ltrcod 
sc \*~r : l l  ti11rt.s ovar n prriotl  of savrrol  1l:rys \ v i t l r  no c l l n n ~ e ,  'I'ho cturves to  
tlrc l o f t  sl\ow the  e f f r c t .  OF contir~ued irr:rdi:ltion, 'I'l\c let ' ts~ost ctlr\qc 
is tIr t \  s \ v i t c l r i n~  ch:rynctoristic aC rllo $:ire at'ter n l~p rox i~ l~n te ly  5.2 \ f 0'' 
I S  2 ,  1 1  I ,-\ll f ~ w r  g :~ tc s  on nrla t:D.tOllhIl rlcgy:~dt>il :Ir 
approxi i~~nte ly  tho snnie m t e ,  as can ba seen i n  f i g u r e  33,  \ ~ h i d \  skows how 
t h e  t l r rasl~old vol tago cllangos f o r  tl10 four  ga tes  of an i r r ad i a t ed  C D I I O l l A E ,  
Tl10s6 ga tas  npponrad t o  s u f f a r  ions-tona dalnage dufi t o  i r r a d i a t i o n  its 
d id  t h a i r  cornpotlent t r n n s i s t o r s ,  Tho docroasod vttlue of t he  thresholct 
voltngo remained Eixod f o r  savera l  days. To rolllove soma o f  t he  cltzr~iaga, 
wc tnaintninod these  devicos f o r  sovoral houiqs a t  150 O C ,  \~hic l \  wns tho 
h i y l ~ o s t  twmportzture t h e i r  packaging could \ ~ i t l \ s t a n d ,  Vnl\los of t h e  
thrcrshold voltllgo for tho four  yntos on throo separa te  doivcss a f t e r  
i r rnci ia t ion t\ra sl\o\m i n  f igu re  34 .  TIM dovico indicatcsd by tlra broudonetl 
lincs \vns hot\ted t o  150' C a f t e r  tho four th  clay. 
To dotormine \vl~at e f f e c t  I ~ e ~ ~ t i n g  IIRJ on tho  tl1~esI101tI voltnga of 
thoso Rates,  n d sv ic s  wns e~o!ritored \vhilo it rvns rapentodly Ileatud rind 
coolad, Tho Jovico was hoated t o  150' C anti than xillowod t o  cool t o  
roo111 te~alioratui-o f o r  intsrvcl ls  of 10 mLu, 'l'he r e s u l t s  sho\vctI t h n t  I\enting 
the  r l ~ u i c e  t o  150' C lo\vureil t h o  t l lrcsl~olti  voltnga hy 0.15 t o  O,20 V ,  crlrrl 
coo l ing  tllu devico t o  roolll te~npoyature rwstorod tho o r i g i ~ l u l  t h r c s l \ o l ~ ~  
vo lt11gc'. 
Si~\cc. tho threshold volt:tgo s h i f t s  tlua t o  i r r :~d ln t io r l  \~itt l  " " s ~  Ilnve 
been sl\o\nm t o  \>o clpproxiniately l i n e t ~ r  n t  thaso tlosngus, the  dntn co~rtrtined 
i n  t h i s  repor t  can bo uscJ t o  estiintlte the :~ccnn~iilutotl dusu oC electron 
irrncl1:tt ion frola rccc'ivetl by 2N-b1,7Sl o r  2N-4352 bfOSPI:,'l's, Since t l ~ c  
I ) -C~II~I I I IB 1 bIUSFL:.T i s  more rnJintion-strnsitiv\-\ t o n  o n  i t i c tllnn tho 11-cl\,\nnt\l blOSP13'T, 
it en11 be usoil t o  lnoro nccurotely o s t i a u t e  tho nnlotrrrt o f  ra i l la t ian  produce~i 
by n " d ~ t *  sotrrco. 111 o r ~ l e r  t o  do t-Ills, the v:tl\irs o f  t11o tl\rcslrolll ~ o l t o ~ s  
must bc mo:~s~iroci b6fi'ot.e oxposurc, During wspostlre t o  tho  c loc t ron  
irrcldintiorl, tho  bitising QE t h o  deviccr mist be hold  f i sod  nt hno\vn voliias, 
Afccr esposuro t o  t h e  " O S ~  S O U ~ C B ,  tlra vn1t16 of tho threshold voltnsc? 
nwst bc a~t.asurerl ognin. ,411 c~pproxirnt~  ion fo r  t l ~ c  ncciiraulntecl ~ iosa  ctun 
he cnlculotod ns follows: 
( ' I ~ ~ I I s c  ill threshold vo l tngc  - 'rllrt.sllold v o l t : ~ ~ c  l~cCorc 
3~16 t o  i r r a d i n t  ion i r rnt l int  iou 
---- . -%-- ---*- '- '--- '-- -#- --*-- = ----rx e m  
12;itc of cl~tingc o t  t l l rcs \ \a l~ l  vo l t  ngc (front t:rl)lc 10) 
After t he  device has been i r r a d i a t e d  and tlre b ias ing  ren~oved, t o s t i n g  
of tile change i11 threshold vol tage  can ba wade as much a s  30 days a f t e r  
exposure provided it is  kept a t  rooin temperatura with no power appl ied.  
Before tho device i s  used again f o r  t h i s  purpose, it must be annealed t o  
within a few tentlrs of t he  o r ig inn l  threshold vol tage ,  p referab ly  by 
heat ing it t o  300' C fo r  1 h r  w i t 1 1  a l l  l eads  grounded. This procedure 
f o r  monitoring e l ec t ron  i r r a d i a t i o n  can be repeated with the  same device 
a s  innny a s  10 tiinos and poss ib ly  more. 
In order  t o  monitor o l e c t ~ o n  f luences f ro~n o the r  be ta  sources,  s i in i la r  
sspariments must bo conducted using mono-ensrgatic e l ec t rons  t o  obta in  
dntn on tho enorgy dependence of t h e  damage produced in  tlroso devices .  Once 
these  cluta hnve been accumulated on those and o the r  MOSFETs, it lnay bo 
poss ib le  t o  uso thoin as  rndic~tion-monitoring devices  i n  spctcecraft. 
STLTCON PtlOTODIOD[IS 
S i l i con  PIN photodiodes intonded f o r  usa on tho IUE t o  serlso tllc 
bright s o l a r  s igna l  were i ~ n ~ e s t i g n t e d  t o  determine t h o i r  serz:itivity 
t o  e l ec t ron  and proton i r r a d i n t i o n .  These devices  a r e  s tn to-of - the-ar t  
rliodes cons is t ing  of n p-11 junct ion with a doping p r o f i l e  t n i lo rod  in  
such a \t:\y t h a t  an i n t r i n s i c  lnyor,  "i region," i s  sandwiched hetwacn 
:I 11-layer and nn 11-layer. The se r l s i t i v i ty  range and fret\tioncy rosponse 
can be opt in~izod by carcAi l ly  modifying t h e  i n t r i n s i c  lnyer .  A1 tl1oug11 
tl lssc deviccs are  not a s  sorrs i t ivc a s  photomul t i l~ le r  t ubes ,  they are 
r e l a t i v e l y  chenp, low-power, coinpnct devices \$it11 :I wide spec t rn l  
response. In n t e r r e s t r i a l  o r b i t  they art. csposeii t o  n rndie t ion  onviron- 
lnent made lip predoniintlntly of energe t ic  protons and e l ec t rons  ; t he re fo re ,  
it i s  important t o  hrwe some understanding. of t h e  poss ib le  e f f a c t s  of 
rndia t ion  on t t re ir  spec t r a l  response. 
Rndiat ion o f f  a c t s  were invest igntod by bombnrding s i l i c o n  I'IN photo- 
diolles \vith e lec t rons  :~nd with protons,  Stunples \tit11 i n t r i n s i c  region 
r c s i s t i v i t i e s  of 10 and 400 ohm-cm and vnrious t h i c h n e s s t . ~  of a n t i -  , 
r e f l e c t i o n  (AR] coat ings were s tudied.  'The AR contiirg cntlnnccs t h e  
spec t r a l  response in  c e r t a i n  regions of t he  spectriur, Most of thc? clovict.s 
s tudied  i n  t h i s  work wore f ab r i ca t ed  irsing tho d i f fus ion  of  p and n regions 
i n t o  a h i g h - r e s i s t i v i t y  [ l e s s  than 1 ohm-cm) semicor\ductor s u b s t r a t e ,  A 
40-mCi ! ' O S ~  beta  source and proton s ~ n c h r ~ c y c l o t ~ o n  were used t o  s imulate  
Enrtlrls r a d i a t i o n  b e l t s ,  Tlre be ta  spectrum of t he  soume provides 
n good sirrrulation for Ear th ' s  e l ec t ron  b e l t s .  rlre synchrocyclotron, 
\vIrich provides pyotorr energies  from 30 t o  600 MeV, ullows simulatiorr 04 
cosmic rtzys. 
A subs t an t i a l  trlnount of work e x i s t s  on the  e f f o c t s  of i r r a d i a t i o n  on 
s i l i c o n  so lay  c e l l s ,  illthough s i ~ n i l n r  t o  PIN photodiodes i n  t h a t  they :we 
both 13-n junctioir type devices  , they d i f f e r  i n  t h o i r  junction c h a r a c t e r i s t i c s  
and nroda of operat ion.  Photodiodes a r e  usod f o r  s igna l  de tec t ion  while 
s o l a r  c e l l s  a r e  used t o  corlvert s o l a r  racliation d i r e c t l y  t o  e l e c t r i c a l  
energy, 'I'lrus, nrost of t h e  r ~ \ d i n t i o n  dumago s tud ie s  i n  s o l a r  c a l l s  htzvs 
been d i r e c  ted toward tu~derstwrding ~noch:lnisms rosporrsiblo Far t ho  lwdtrc t i o n  
of t h e i r  output power, nlrereus lit t l o  \vork has been publ islrod on tho 
irradi:ltion-irrduccrl ~lcgr:~tl:it on i n  s p e c t r a l  .respotrsc of PTN plrotocothodos, 
Dr. C, S. Reft , t i  postdoctorit1 ~ * e s e ~ x c f r  sssociate enrpleyed u~lrter NASA 
grcurt NSG-5053, was ustensivoly involved i n  the  s i l i c o i ~  plrotodiode s tudy,  
bluch of the  presont s ec t ion  \vns tnkorr from a paper \~tl~iclr Dr. Rtsft and 
tho airthors of t h i s  r epo r t  a r c  preparing f o r  publ i cn t ion .  
Tho spec t r a l  rasponso of  tho iliodes was clctormincd pr ior  t o  i r rnd in t ion  
by arens\rrins t ha  photocondirctivc cur ren t  ns n funct ion of wnvelongtlr f r o ~ r  
351) t o  110~1 nnr. blonochromat i c i t  y \(as clclrieverl by Focusirrg 1 ight  f ronr 
:I tungston 11ologc.n lamp onto the  ontrnncc s l i t  of 11 Rcckmnn quar tz  pTi.sm 
alonochramator. The diodes \$era posi t ioned n t  tl\a a s i t  s l i t  of the  mono- 
c l~ ron ra to~ .  Tho bnndwiclth was npproxi~ntrtely 15 nm. To nrininri zc t he  off ec t  
of  f l u c t u n t i o ~ r s  i n  t he  l i g h t  s o i ~ ~ c o  lnd r . lcctronics ,  the s igna l  fronr coc.11 
t e s t  samplt\ \gas coarpnred t o  :I s i ~ n i l a ~  unirrndi:r".d re ference  dioilo. 'flris 
\vns nccomplisl~ud by coupling :1 double-hetlnr nttn(,  tunant t o  t ho  output s l i t s  
of tlw monnclrronr:~tor. 'rho lnovnble ~ n i r r o r  i n  the  dokihle-henm ottachnrcnt 
roflecteti tho nrunocl~romator l i g h t  t o  e i t h e r  the  si1111l>it? c  rc fercnce  clio~lc.. 
Rcp~ :~ ted  nronsirrcaronts of  i i  diode ' s  spec t r a l  rcsponsc sho\lrt\cl t h a t  tlrc r n t i i >  
of saarplo t o  rcfcrenco photocurrcnts was r ~ p r o d u c i b l e  within one percent .  
The quantity of interest for a photoaiode exposed to radiation is the 
change in photoconductive current over its spectral range. Thus the 
degradation R(A) is defined here as the decrease in spectral response of 
the diode due to irradiation. The irradiation-induced degradation at 
various wavelengths is given by the change in the ratio of the two photo- 
currents as a function of absorbed dose. The degradation can be written 
as 
where Is and Ir are the sample and reference photocurronts and I. and 
I are the sample photocurrents before and after irradiation, respectively. 
From the disintegration rate of the calibrated 9 0 ~ r  source, the absorbed 
energy in rads was determined by integrating over the beta energy 
distribution. The accuracy of the calculated dosage was c23 percent 
with this technique. This uncertainty is due to the combined uncertainties 
in the source calibration (r20 percent) and in the distance measurement 
(210 percent) between the source and sample. For the proton irradiations 
the absorbed dose was calculated by using the proton fluence (measured 
with a Faraday cup) in conjunction with the diode thickness and the 
specific energy loss (dE/dx) of the incident protons. 
Discussion of Results 
PIN photodiodes are characterized by the resistivity of the intrinsic 
region and the thickness of the AR coating. The diodes sometimes are 
encapsulated with a protective window. We investigated the radiation 
characteristics of the five types of diodes whose specifications are shown 
in table 11. Note that types A and A* are identical except that A *  
is encapsulated and covered with a Corning 7052 glass window. Our tests 
included at least three samples of each of the five types. 
Figure 35 shows the degradation of R(I) for types A*, G, and R. 
IJe noto that type R, which has a low resistivity (10 ohm-cm), is the most 
r a d i a t i o n  r e s i s t a n t  of  these  th ree  types ,  Sample type A* shows a pro- 
nounced degradation peak [R(X) = 55 percent] a t  450 nm, Beyond t h i s  t h e  
degradation drops t o  6 percent  a t  800 nm and then increases  gradual ly  with 
wavelength. The degradation of  type G i s  very small  C* 1 percent)  up t o  
about 700 nm. Beyond about SO0 nm, t h e r e  i s  increas ing  degradation i n  both 
A* and G a t  r a t e s  which, a s  we w i l l  d i scuss  subsequently,  a r e  r e l a t e d  
t o  t h e  d i f f e r e n t  absorbed doses.  
Returning now t o  t h e  peak near 450 nm, we note  from t a b l e  11 thac A* 
and G have t h e  same r e s i s t i v i t y  (400 ohm-cm) but d i f f e r  i n  2 respec ts :  
( I )  A* has no AR coat ing whereas G has a 400-nm coat ing,  and (2) A* 
i s  encapsulated with a 7052 g l a s s  window while G i s  not sealed.  In 
s epa ra t e  t e s t s  with type A,  B, and G, which d i f f e r  only i n  t he  thickness  
of t h e  AR coa t ing ,  we found t h a t  t he  degradation varied a s  much among 
samples of t he  s a t e  type a s  it did among d i f f e r e n t  types.  Thus we conclude 
t h a t  t h e  pronounced degradation near 450 nm i n  sample type A* i s  a s -  
soc ia ted  with the  encapsulating 7052 g l a s s  window. 
IVe found t h a t  beyond about SO0 nrn e lec t ron  i r r a d i a t i o n  of sample types 
A,  B, and G produced e s s e n t i a l l y  t h e  same degradation per  ~ m i t  absorbed 
dose. Figure 36 shows t n i c a l  r e s u l t s  f o r  t h r e e  d i f f e r e n t  f luences.  As 
shown i n   tab^:! 11, these  t h r e e  types of diode d i f f e r  i n  hR coat ing 
thickness  but have t h e  same r e s i s t i v i t y ,  The f a c t  t h a t  a l l  t h r ee  types 
exh ib i t  t he  salne degradation per  u n i t  absorbed dose suggests t h a t  t he  
i r radiat ion-induced changes occur i n  t he  s i l i c o n .  This i s  cons is ten t  with 
the  f a c t  t h a t  s.mplc! type R i s  the  most r a d i a t i o n  r e s i s t a n t  a s  shown i n  
f i g u r e  35. Type R s,mples had an i n t r i n s i c  l aye r  r e s i s t i v i t y  of 10 
ohm-cm compared t o  $00 ohm-cm f o r  t h e  other  3 types.  The low r e s i s t i v i t y  
of t h e  i n t r i n s i c  layer  implies  a high impurity content  and, therefore ,  a 
more disordered c r y s t a l  s t r u c t u r e  which would be l e s s  s e n s i t i v e  t o  
displacement damage. The o the r  t h r e e  types have a higher r e s i s t i v i t y  and 
correspondingly lower impurity content  r e l a t i v e  t o  t he  type R samples. 
Their c r y s t a l  s t ruc tu re  would be more s e n s i t i v e  t o  displacea~ent  dnn~nge 
e f f e c t s ,  That a l l  of t hese  samples e s h i b i t  e s s e n t i a l l y  t h e  same degradation 
behavior is  cons is ten t  with t h e i r  having the same r e s i s t i v i t i e s .  
Referr ing again t o  figure 3 6 ,  we note t h a t  t h e  divergence between 
cquidoso curves increases  with wavelength. This c h a r a c t e r i s t i c  i s  made 
e x p l i c i t  i n  f i g u r e  37,  which uses t h e  d a t a  i n  f i g u r e  36 t o  show t h e  dag- 
r ada t ion  a s  a funct ion of dose a t  severa l  wavelengths. 
Some annealing s t u d i e s  were performed t o  determine whether t h e  
s p e c t r a l  response of t h e  diodes would be recovered. Essen t i a l l y  no 
recovery occurred a t  room temperature over a period of two months. An- 
nea l ing  the  diodes t o  100' C fo? 1-hr i n t e r v a l s  produced very l i t t l e  
recovery. 
IVe have made a prel iminary inves t iga t ion  of r ad i a t ion  e f f e c t s  produced 
by 600-bleV protons inc ident  on type A, 0 ,  and G diodes. Again we f ind  
nea r ly  t h e  same degradation i n  these  t h r e e  types.  Figure 38 shows both 
e l ec t ron  and proton r e s u l t s  f o r  an encapsulated h i g h - r e s i s t i v i t y  diode. 
This diode was i r r s d i a t e d  t o  0.35 blrad with 9 0 ~ r  e lec t rons ;  then an 
add i t i ona l  0.1 blrnd was deposited by 600-MeV protons. In t he  region as-  
sociated with the  degradation peak a t  t h e  low wavelength end, t h e  protons 
produced l e s s  th?n f i v e  percent  add i t i ona l  degradation. This suggests 
t h a t  a t  these  wavelengths protons and e l ec t rons  a r e  about equal ly  e f f e c t i v e  
i n  producing r a d i a t i o n  damage per  u n i t  absorbed energy. On t h e  o ther  
hand, protons a r e  much more e f f e c t i v e  i n  t h e  wavelength region assoc ia ted  
with degradation induced i n  s i l i c o n ,  A t  1000 nm, f o r  example, 0.35 
blrad from 9 0 ~ r  e lec t rons  produced a degradation of about 7 percent ,  
whereas an add i t i ona l  0.1 blrad from 600-bleV protons increased t h e  deg- 
rada t ion  t o  35 percent .  Comparing these  percenr.lges with analogous r e s u l t s  
deduced from f igu re  36 f o r  t h e  increase  i n  degradetion expected from an 
add i t i ona l  0 .1  blrad from e l ec t rons ,  we i n f e r  t h a t  a t  these  wavelengths 
and i r r a d i a t i o n  l e v e l s  600-MeV protons a r e  about 5 times a s  d f e c t i v e  a s  
9 0 ~ r  e l ec t rons  i n  producing degradation per  u n i t  of absorbed energy. 
Theory 
To obtain a more q u a n t i t a t i v e  de'scription of t he  damage process,  t h e  
observed degradation ( 1  must be r e l a t e d  t o  t he  measured photodiode 
cu r ren t s .  Under normal opera t ing  condit ions the  cur ren t  CW. Gartner ,  
Phys. Rev. - 116, 81, 1959) i s  given by 
where I. i s  t h e  inc ident  plroton cu r ren t ,  \I( is  t h e  absorpt ion c o e f f i c i e n t  
f o r  s i l i c o n ,  and l o  and Lo a r e  t h e  deple t ion  width and minori ty  c a r r i e r  
d i f f u s i o n  length i n  t h e  diode before i r r a d i a t i o n ,  r e spec t ive ly ,  The t o t a l  
-\\No, 
cu r r en t  given i n  t h i s  equation c o n s i s t s  of two cont r ibu t ions :  one (e 
due t o  c a r r i e r s  generated in s ide  t h e  deple t ion  width, t h e  o ther  (1 + aL3)  
due t o  c a r r i e r s  generated i n  t h e  adjacent  bulk mater ial  and d i f fus ing  i n t o  
t h e  junction. Combining equations (1) and ( 2 )  shows t h a t  tile degradation 
i s  r e l a t e d  t o  t he  cu r r en t  by 
where W and L a r e  t h e  deple t ion  width and minori ty  c a r r i e r  d i f fus ion  
length  a f t e r  i r r a d i a t i o n ,  respec t ive ly .  In t he  case of solar  c e l l s ,  it i s  
genera l ly  assumed t h a t  t h e  deple t ion  width does not change with i r r a d i a t i o n ,  
but  t h a t  t h e  e f f e c t  of i r r a d i a t i o n  is a decrease i n  t he  d i f fus ion  length.  
Unlike s o l a r  c e l l s ,  PIN diodes have l a rge  deple t ion  widths (20 t o  100 rim), 
and therefore  R s i g n i f i c a n t  por t ion  of t he  cu r r en t  i s  due t o  electron-hole 
p a i r s  generated i n s i d e  t h e  deple t ion  r i d t h .  This is  i n  agreement with thc  
observed pulse height  d i s t r i b u t i o n s  (\lrhich will be discussed sho r t ly l  i n  
t h a t  t he  pulse height  spectrum f o r  a  t yp ica l  PIN stlows t h a t  t h e  deple t ion  
\$idti1 i s  t he  main cont r ibu t ion  t o  t h e  charge accumulnted. Thus i r r a d i a t i o n -  
induced changes i n  t h e  deple t ion  width will a f f e c t  t h e  diode cur ren t  
considerably more than \~ou ld  be expected i n  a  s o l a r  c e l l .  
The s implest  way t o  include t h e  e f f e c t s  of i r r a d i a t i o n  on thc  deple t ion  
width is  t o  assume t h a t  t h e  r ad i a t ion - i t l duce  de fec t s  c:m be s in~ulatet i  by 
impority dopants wllose c h a r a c t e r i s t i c s  will depend on the  pos i t ion  of tltc 
dc fcc t s  i n  t he  band gap. Therefore t he  e f f e c t i v e  doping dens i ty  will be 
increased r v i t l l  r a d i a t i o n ,  t h a t  i s ,  
where N(+) is the effective dopant density, ND(0) is the impurity doping 
density, and o is tile cross section for defect production, Since the1 
depletion width is inversely proportional to the impurity doping density, an 
increase in the effective dopant density would decrease the depletion width. 
\Vith these assumptions the depletion width car, be written as 
In this equation, B = J ( ? c S k ~ / q 2 ) ,  where 
E, 
is the static dielectric 
constant and q  = 1.6 x l0-'9 C. This gives B = 1.17 x lo4 cn-l/? at room 
temperature. IVe can write equation (5) in the form 
In this treatment the degradation is attributed to changes in the depletion 
width. This wiii be especially true if Lo is less than 10 um. From 
the measured degradation R ( X ) ,  the depletion width W can be obtained 
using equation (3) and assuming that the minority carrier diffusion length 
L does not change appreciably at these levels of irradiation. Setting 
L = L and rearranging equation ( 3 ) ,  the depletion width W is given by 
0 
Knowing No and Lo, the depletion width can be calculated from the measured 
degradation. By measuring R ( X )  at six different wavelengths after each 
- 
irradiation, an average depletion width W was obtained. In figure 39, (B/FI:' 
is plotted as a function of fluence for a typical diode of 400 ohm-cm resis- 
tivity having a depletion width of 30 Dm at 10-V bias and a minority carrier 
diffusion length of 5 urn before irradiation. The data can be fitted to a 
straight line where the slope and intercept are cr and ND(0), respectively. 
\Ye get 
These values are in reasonable agreement with theoretical results which 
predict ND(0) = 1.5 x 1013 cmW3 for 400 ohm-cm silicon and o = 0.3 cmml 
for electron irradiation (H. biatarg, Defect Electronics in Semiconductors, 
Wiley-Interscience, 1971 and J. Corbett, Electron Radiation Damage in Semi- 
co~lductors and bletals, Academic Press, 1966). Our interpretation is also 
consistent with the radiation resistance of type R diodes. For these 
diodes the resistivity is 10 ohm-cm, which converts to an impurity doping 
density of about 5 x lo4 ~ m - ~ .  Using a defect cross section of 0.4 cm-l, 
the effective dopant density has increased less than 3 percent after an 
exposure of 3.6 1013 e/cm2, 
Pulse Height Spectra 
# 
The size distribution of output pulses ?roduced by proton irradiation 
of PIN photodiodes can be used to study additional characteristics of 
mechanisms associated with the degradation. The purpose of these measurements 
was to determine the photocurrent due to proton irradiation of the PIN 
diode. We found that the pulse height could be understood in terms of 
electron-hole pairs created within the depletion \aidth by the energy 
deposited by the incident protons. 
Tn view of the fact that the induced pulse is expected to be proportional 
to the depletion width, we used a Centronic diode having a large depletion 
width (about 150 um at 15 V). The Centronic signal was much more easily 
separated from the noise than were signals obtained with smaller depletion 
width diodes such as the United Detector , B, and G types (38 um at 
15 V) which we used in other tests. Figure 40 shows a typical pulse height 
distribution observed for a Centronic diode during irradiation with 50-MeV 
protons. \Ve recorded pulse heights using both 256 and 512 channels. The 
pulse height response of the detection system was calibrated by injecting 
G known charge to a load capacitor. The peak of the proton-induced pulses 
corresponded to charges of (1.9 1 1) x 10'15 C for 256 channels and to 
120.5 2 1) 2; 10-Is C for 512 channels. This value can be compared to 
t h e  amount of charge expected as a  r e s u l t  of c r ea t ion  of  e lectron-hole p a i r s  
i n  t h e  deple t ion  width. The charge pblse crea ted  by the  passage of an 
ion iz ing  p a r t i c l e  is  given by 
where q i s  the  charge of tho  e l ec t ron ,  E is t h e  energy depositod by t h e  
p a r t i c l e  i n  t he  deple t ion  reg ion ,  and EO i s  the  amount of energy requi red  
t o  produce one electron-hole p a i r  (3 .62 eV f o r  s i l i c o n ] .  For a 150-rrm 
deple t ion  width, a  SO-MeV proton depos i t s  about 0.35 MeV. This corresponds 
t o  a  charge pulse  of about 15.5 x 10'15 C ,  wlrich i s  25 percent  lower than 
t h e  experimental value of (20 t 1) '.: 10'lS C ,  Tlris i s  good agreement 
considering t h a t  t h e  deple t ion  width i s  accurato t o  about 20 percent .  
bloreover, the  ca lcu la ted  value i s  probably a  l i t t l e  low because some 
p a i r s  w i l l  be c rea ted  outs ide  t h e  deple t ion  region but within the  d i f fus ion  
length  f o r  minori ty  c a r r i e r s ,  These charge c a r r i e r s  w i l l ,  add a  cont r ibu t ion  
t o  t h e  t o t a l  charge, These r e ~ u l t s  i n d i c s t e  t h a t  t he  observed pulse height  
spectrum is i n  good agreement with t h a t  expected on the  bas i s  of c r ea t ion  
by t h e  inc ident  proton of e-h p a i r s ,  mainly within the  deple t ion  region of 
t he  diode. 
ULTRAVIOLET WINDOlV MATERIALS 
Introduct ion 
Some c r y s t a l s  exh ib i t  f luorescence and phosphorescence when bombarded 
by charged p a r t i c l e s .  This radiat ion-induced s igna l  can s i g n i f i c a n t l y  
a f f e c t  rea l - t ime d a t a  acqu i s i t i on  by op t i ca l - e l ec t ron ic  devices  operat ing 
i n  a  r a d i a t i o n  environment. We have s tudied  r ad ia t ion  e f f e c t s  which 
occur when o p t i c a l  windows and f i l t e r s  a r e  exposed t o  r ad i a t ion  which 
s imulates  Ear th ' s  ou ter  e l ec t ron  b e l t .  Our measurements included both 
t h e  in tegra ted  output and the  s p e c t r a l  d i s t r i b u t i o n  of t he  emitted 
light, .  
Phosphorescence Induced by 9 0 ~ r  Electrons 
In the first series of experiments, the magnitude of the phosphores- 
cence signal as well as its decay was studied as a function of exposure 
dose. A photon counting system was used to measure tho phosphorescence 
signal from the samples, An ITT FW130 (S-20 photocathode; 7056 glass 
window) photomultiplier tubs detected the signal from the sample before 
and after exposure to radiation. This signal was then processed by a 
pulse amplitude discriminator, and the output pulses were counted by a 
Beckman frequency meter and recorded on a Digitec printer. 
As a check on the sensitivity and reproducibility of the photon 
counting system and also to obtain some preliminary data, phosphorescence 
was looked for in a number of samples exposed to electrons from a 40-mCi 
9 0 ~ r  source. Theso samples were KC1, MgF:, and NaC1. The KC1 was chosen 
because it is the target in the SEC vidicon tube; NgF2 (Ilarshaw high 
purity) uas investigated because of its use as a UV window material; and 
NaCl was selected for convenience. 
Phosphorescence from KC1 was observed for almost two hours after 
exposure to radiation. Phosphorescence was observed from the NaCl samples 
for almost 24 hr, whereas signals from the bigF2 samples persisted for 
almost 4 hr. IRTWl 2, which is used for r~indows in the near IR, 
also exhibited a strong phosphorescence. 
Phosphorescence Induced by 3.5-bleV Electrons 
To investigate radiation-induced phosphorescence at higher energies 
and dosages, the Linac at SREL was used. Single crystals of KC1 and NaCl 
were exposed to 3.5-MeV electrons with a total flux of about 5 x 1012 e/cm2 
at a rate of 1.2 Y lo1* e/cm2-sec. Approximately three minutes elapsed 
between the end of the irradiation and the beginning of the phosphorescence 
measurements. Negligible phosphoresence was observed; however, both 
samples were significantly colored. The KC1 sample was bluish purple 
while the NaCl sample had a yallowish color. This coloration is presumably 
due to the creation of color centers in the crystals by the irradiating 
electrons. This yllerlomenon has been prtviously observed and studied in the 
alkali halides. The coloration disappeared after two days at room 
temperature, indicating that the defects annealed out at this temperature. ' 1 
Spectral Distribution of Fluorescence 
We measured the spectral distribution of the fluorescence emitted by 
crystals exposed to our 40-mCi source. The crystals were mounted 
to the entrance slit of a one-meter evacuable McPherson monochromator, 
The monochromator has a bandwidth of about 3 nm and can scan from 60 to 
600 nm. The detector, which was connected to the exit slit of the mono- 
chromator, was an EMR model S42F photomultiplier tube with a MgF2 window 
and CsTe photocathode. The photomultiplier tube was used in both the 
photon counting and current integrating modes. This system was c,~librated 
for the 254-nm Hg line by measuring the intensity of the Hg line with a 
calibrated NBS photodiode at the entrance and exit slits of the 
monochromator. The analysis showed that the efficiency of this system 
was about 15 percent at 254 nm for detecting photons which are produced 
in the irradiated sample. 
Due to its transmj.ssion characteristics, blgF2 is widely used in UV 
optical systems. Thus it is of interest to determine whether blgF:! 
exhibits radiation-induced fluorescence. The fluorescence spectrum 
obtained for a highly polished single crystal of MgF2 (Harshaw, 2-mm 
thick] is shown i,n figure 41, where the logarithm of the radiation-induced 
photon count rate measured by the photomultiplier is plotted as a function 
of wavelength. Two broad emission bands were observed at about 180 and 
210 nm. The fluorescence spectra of BaF2, CaF2, and SrF2 crystals are 
also shown in figure 41. These crystals along with PlgF: form an iso- 
electronic series of group 11-A elements with fluorine. Therefore, they 
were studied to provide additional information on the fluoresonce 
of MgF2. The CaF2 was a highly polished single crystal (Harshaw, 2-mm 
thick). The BaFl (4-mm thick) and SrF: (7-mm thick) were unpolished 
single crystals. The fluoresence spectra of CaF2 and SrF: are similar, 
with each having one strong broad emission band centered around 265 and 
275 nm, respectively. The fluorescence spectrum of BaF2 has bands 
located around 195, 220, and 250 nm. Using the 254-nm calibration of 
the system in conjunction with the data of figure 41, we calculated a 
fluorescence yield expressed as the number of 254-nm photons per steradian 
per bleV of incident electron energy deposited. Values ranged from 0.3 
bleV-I ster-I for UV grade b1gF2 to 27 ble~-I ster-l for CaF?. The decrease 
i n  s igna l  beyond 300 nm i s  due t o  t h e  cu tof f  of t h e  CsTe photocathode and 
t o  t h e  decreasing e f f i c i ency  of t h e  g ra t ing  which i s  blazed a t  150 nm. 
Single  c r y s t a l s  of t h e  following widely used o p t i c a l  window mater ia l s  
were inves t iga ted :  A1203 (Melles Gr io t ,  WSA-005, 2-mm t h i c k ) ,  LiF 
(Harshaw, 2-mm t h i c k ) ,  and Si02 (3-mm t h i c k ) .  The f luorescence spec t ra  
of t h e s e  mater ia l s  a r e  given i n  f i g u r e  42.  A l l  of t h e  ma te r i a l s  exhib i t  
f luorescence between 130 and 350 nm. A1203 shows a small emission peak 
around 175 nm and a s t rong  broad emission peak around 275 nm. The spectrurn 
of LiF shows r e l a t i v e l y  constant  f luorescence between 150 and 310 nm with 
small emission peaks around 180 and 280 nm. The Si02 spectrum exh ib i t s  a 
r e l a t i v e l y  cons tan t  f luorescence between 180 and 290 nm with a small 
en i s s ion  peak near  210 nm. Below 180 nm the re  i s  a very  rap id  decrease i n  
fluorescence which i s  due t o  t h e  t ransmission p rope r t i e s  of our Si02 
sample. Here again the  decrease beyond 300 nm i s  due t o  t he  cutoff  of 
t he  CsTe photocathode and t o  t he  decreasing e f f i c i edcy  of t h e  g ra t ing .  
I r t r a n  2 ,  which i s  used a s  a window mater ia l  i n  t h e  near i n f r a red ,  
was inves t iga ted  f o r  fluorescence. A l a rge  radiat ion-induced f luorescence 
was found near 464 nm using an ITT-FW13O PMT (S-20, 7056 g l a s s ) .  
A s  op t i ca l  f i l t e r s  may a l s o  be used i n  astronomical s a t e l l i t e s ,  a 
s tudy  of t h e i r  i r radiat ion-induced f luorescence was undertaken. The 
Corning 9863 f i l t e r  was s tudied because it i s  one of t he  components i n  
t h e  UBV system used i n  astronomical photometry. A f luorescence spectrum 
having a broad emission peak near 280 nm was observed f o r  t h i s  f i l t e r .  
SUMMARY 
We measured long-term degradation and t r a n s i e n t  i n t e r f e rence  i n  
instruments and components subjected t o  a r a d i a t i o n  environment which 
s imulates  Ear th ' s  ou ter  e l ec t ron  b e l t .  
We found t h a t  when an unshielded IUE u l t r a v i o l e t  converter  i s  ir- 
r ad ia t ed  by a 40-mCi 9 0 ~ r  source posi t ioned so a s  t o  approximate the  
peak f lux  i n  Ea r th ' s  ou ter  e l ec t ron  b e l t ,  t h e  electron-induced output 
of t h e  converter  i s  t he  same a s  t h a t  produced by an inc ident  UV f l ux  
(254 nm) of l o 8  photons jcm2-sec. The image d i s s e c t c r  tube used a s  t h e  
nlain component of t h e  f i n e  e r r o r  sensor (FES) underwent n degradation of 
about 5  percent \vhen axposod t o  lo1: e/cln2 from 'OS~,  Bombard~~ent of  
t he  FES induced an output  of 0.5 counts per inc ident  e l ec t ron  f o r  f l u x  
r a t o s  from 0.1 t o  1.3 10: e/cm2-sec. I r r a d i a t i o n  of tho  SEC 
camera tube with 1.7 lo l l  o/m2 from Y Q ~ r  did  not produce se r ious  
d e t e r i o r a t i o n  of tlro s tored  imago, tlowover, t he re  \vns an inc reas s  i n  
t h e  r e l a t i v e  number of small pu lses  i n  t he  output ,  \vlrich ind ica t e s  a  
general increase  of tlre background s igna l .  
Schott  &lassos  simili\r t o  those of t he  PBS woiie i r r a d i a t e d  \ v i t l \  
2- t o  7-bleV oloctyon benn~s a t  Josngws up ts lollt  e/cm2. Rcsul ts  of t he  
transmission mensuromonts woro used t o  n~ako ca l cu la t ions  \vlriclr rosu l tcd  
i n  rocolnnrendtltioi~s regarding optinrriln arrar~go~ncnt  ird sh ie ld ing  o.f glnssos 
i n  tllc PES. IVo a l s o  ~no:isureil tiogrrldation ind~lcoii by 85-MeV protons 
inc ident  on Schott  g lasses .  Trnnslnission a~ensurealunts astentled From 280 
t o  700 nm. Tlrs absorpt ion spotltrn ware f i t t c d  ivittr t l ~ r c o  ( ; a u s s i ~ n  h :~nJs  
i n  tlre ncnr UV t o  v i s i b l e  rogion. ,\ Fourtll Gaussian \v:ls n s s o c i a t s l  with 
tlm ahsorpt ion otlge. For any ono p lnss ,  \ve founcl t h a t  protons mld 
e l c c t r o r ~ s  grotlucod absorpt ion banJs \$it11 peaks :~t  ho saaro energies bu t  
wit11 J i f f c r e n t  s :~ tu ra t ion  lovols .  
IVc invost igntoil c f f o c t s  in~luccd by " O S ~  a lec t rons  inc ident  on 
bIIlSF13'Ts sirnilnr t o  those iisc?tl i n  c i r c u i t s  of astrononiic:11 s n t o l l i t c s .  
4 
For :\ p-cl1anncl blOSI:l:,?' wo Found tha t  tllc c l l : ~ r o c t @ ~ i s t i c  shopc of tho 
d ra in  c ~ i i ~ r c n t  vs.  ga te  vo1t:lgc curvo does not  change wl~orr irr:rJiotctl 
\vitl~ e l ec t rons .  Ilo\vcver, tllc gnto voltngc ncccssnry t o  pro~lircc a given 
clrcli.11 cu r r en t  decro:~sss \ v i t I ~  ac~~inr~11:ltcd ios:qe. IVe obscrvcd a  lino:w 
rc1:ltionship botwccn the  t l ~ ~ c s l ~ o l d  volt:\gc :1nJ tho cu~ntilativc tlosngc 
for both 11- and p - c h a n ~ ~ c l  b OSFIZ'l's. 'T1:c s lopc of tlrc l irlcor re1:ltion- 
sh ip  clcl~endccl on tlrc g :~ tc  :1nd s ~ ~ p l i l y  vo l tages  ;lppl ied during i r s a d i ; ~ t  i(311, 
S i l i con  PIN photocliodes \$ere i r rad in tcd  \ v i t l \  c l cc t rons  flSola " " ~ r  
and \vith b00-blc\' protons. So~nples tes ted  \wre  llnitcd Llctcctor 'l'cclu~olog)' 
types I\, R, :~nd C. Ilu ~nc:lsurotl chrl~lgcs in  thc spcctr:ll response of 
t l ~ c s c  tkiotlcs f ron~ ,351) t o  11(10 rl in  f o r  nbsorhed doses 1111 t o  1.25 Flraci. 
IJith tllc csccpt ion of somplcs encnpsulate~l  by :I Corning 7052  gl:lss \tindow, 
:ill J iodos showcd l i t t l e  dogradation ( l c s s  t l ~ n n  5 pc rcc r~ t )  : k t  \v:I.. c  Lcngtlls 
bolo\v 700 nlw. IincnpsulntcJ t!l>o r\ Jlotlcs sho\~cil o strong J c ~ r n J : ~ t  ion
peak (about 55 percent) a t  450 nm, I l i gh - r e s i s t i v i tv  (400 ohm-cm) samples 
degraded considerably more than low- res i s t i v i ty  (10-ohm-cm) samples: f o r  
example, a t  1000 nm t h e  10 ohm-cm samples degraded 3 percent a f t e r  0.7 
blrad of 9 0 ~ r  e l ec t rons ,  whereas t h e  corresponding degradation was 20 
percent  f o r  t he  400 ohm-cm san~ples ,  The observed degradation was i n t e r -  
preted i n  terms of changes i n  t h e  deple t ion  width of t he  dicde.  
We inves t iga ted  luminescence induced by e l ec t rons  inc ident  on severa l  
UV window   rate rials with emphasis on BlgF:. The spectrum of f luorescence 
induced i n  b1gF2 hod 2 broad emission bands a t  180 and 210 nm. IVe ca lcu la ted  
the  fluorescence y ie ld  i n  terms of t he  number of 254-nm photons por steradial1 
per  bleV of incidont  e l ac t ron  enorgy absorbed. \Vo found a va lue  of 0.3 
h1ov-l s t e r - l  f o r  blgF;1. 
APPENDIX A 
PROTON-INDUCED COLORING OF B1ULTICOE.IPONENT GLASSES 
Re rinted fr0.m AFPLIED OPTICS, \%I, 18,.prgr 3312, O~ toba r  1,1979 
Copyright (5\ 19' 19 !.v the Opt~ca l  b w l e l y  or America and r r p r ~ n t w f  by p e r m ~ r r ~ o n  f thr copyright owner. 
Proton-induced coloring of multicomponent glasses 
M. F, BEutuslak and d, Recher 
Praton.induced absorption over the 280-700-nm rrgion and growth uf that  coloring w i th  increasing dtwmge 
of proton radintlo11 were daterm~ned for three Sclrntt yl~lraer used er focurlng rlemantr i n  the Internationul 
Ultrrvralat Explorer. 11 was found t5mt the rbsorption spectra for eaclr glasv can k f i t ted wi th three (Iausr- 
ian shapod hands in the near UV-viurble range, while a fourth Gauuian chvracterires the uhaorption edge. 
For dorer u p  to 10: rads, the dcpendenca o f  the induced absorption a on total d u e  9 is accurately described 
by the saturating exponential function cutX,4) m cr, (1  - expt-h9)), whrre cr, and b are conrtanta dependant 
on the wavelen~th and #law type, Th. proton irradiation rcutrlta were then compared t o  the effects olelec. 
t ro l l  ~ r r a d i a t ~ o n   thtwe same three types o f  glass. For any one ~ I a m ,  it was detertninrd that electronr and 
protons prtduced uhut~rptlon bands with pewkr rt the uame encrdiea but  wrth different saturation Ievrlr, 
For the ylauer and wavelength region investigrted, proton irradiation induced higher abaorptinn uaturatlon 
levels cr, in the longer wnveiength~, while electron i r radiet~on Induced greater ahsorption i n  the shorter 
\vavelrngthr. 
!n!rodus!!nn 
~Ieteorologicnl satellites, orbiting astronomical 
telescopes, and exploratory spacecraft all carry with 
them complex optical systems whose transmission call 
be severely affected by the hunh radiation environment 
of space. Radiation-induced darkening of a spacecmft's 
refractive components can lower expected signal levels. 
hlost investigations into this effect have used either 
electron or gamma-ray irradiation to simulate a space 
environment, mainly because of the easier accessibility 
of such sources for long-term studies. Detailed infor- 
mation on the coloring of glass by other types of radia- 
tion encountered in space, in particular protons, is 
limited. Yet there is a great need to examine proton- 
induced effects since solar tlares, galactic cosmic rn- 
dintion, and a large portion of the inner Van Allen belt 
radiation ore composed of energetic protons and, de- 
pending on the orbit and the spacecraft's shielding, 
could be the moin influence in degrading the trans- 
mission of a materitrl. As a result of these concerns, the 
study described here was undertaken, 
This paper \vill describe the coloring induced by 
85-MeV protons in three Schott glasses representative 
--- 
\\'Ire11 thts sork  \vrs doll* 110th s i ~ t h t m  were \vltli Old C)otni~notr 
\ ' i i \ ~ e r s ~ t v ,  Ph>src$ [)epi~r~r i ie~\ t ,  Korl'olL, V1r21111ti 2:150$. &I F 
t h r t t ~ s ~ t ~ k  i* ~ i o \ v \ v ~ t I i  Host011 L'I\I\~~sIIv, I'lly$tc\ I \ep t~r r~ne~r t ,  110~- 
tali. hlr~sut~churetts O'L'?I.? 
l { ta rp~\ id  I l .lrlne 1979 
~\[)O'I.I;:\,~S 7 9  \9.\;\42-05S(ML50 0 
c \:I!\ 0p11c.rI SO~IVI\ 01 AI~*~ICII. 
of g ! w  t,ypes used in space applications. They are now 
being used as focusing elements in the International 
Ultraviolet Explorer Fine Error Sensor. It will be 
shown that the absorption (i.e., coloring) induced in 
each glass by the radiation can be resolved into three 
optical absorption bands in the noar UV-visible range. 
In uddition, it will be discussed how that absorption 
grows with increasing dosages of protons, thus providing 
the means to predict degradation in any of the three 
glasses for a particular fluence of proton radiation. 
Similar analyses were performed on data obtained from 
ct previous study on the effects of 7.0-MeV electron ir- 
radiation on those same three types of glass.' It will be 
shown that protons and electrons produce absorption 
bands with peaks at the same energies h r  nny one glass 
but with different nbsorption saturatiot~ levels after 
irradiation to doses &\round 10Qads. 
Mechanisms of Coloring 1 "'i 
The mechanisms involved in the coloration of 
transparent crystals nnd glasses by radiation are fnirly 
well i~nderstood.~." Ionization is the dominant fi~ctor, 
In iotrization, the incoming rndiation detaches electrons 
from ntonls of the ~nuterit~l, nllowing tilenl to nlr,\'e 
through the ato~ilic network. A few percent ot' these 
free electrons and resulting positive holes can be 
trapped in defects within the material, such :IS ion 
vncuncieu, impurities, or no~lbridging osygens. Once 
the charge carriers are trapped, they nre cupable ot'uh. 
sorbing light by electronic trunsitions; the extrct fre- 
quency will depe~rd on the environment surrounding the 
trapped electron or hole. These opticnlly nctivi~ sites t 
are the well-known color centers. 

Since ionization is the major factor in the coloration 
of glass, each tluellce in particles/cm' has been con- 
verted to rads (1 rad = 100 ergsfg),':' This measures the 
amount of cnergy that was transferred to the glmes by 
the incoming particle and often corresponds with the 
effects observed, While the conversions varied slightly 
depending on the density of each glass, they were-1.2 
X 10' plcm2lrad for the 85-hfeV protons and -4.5 X 10' 
elcrn'frad t'or the 7,O-MeV electrons. 
Fig 1. The induced absorption rpoctrunl of Schott LuK 21 sfter 
d.7.hleV proton ~rrndianon to u total dwr of 3.0 X 14 ruds. The 
dushed li~rrs indicate the rcur~ltltlon of the aprctrulrr 111tu r series of 
(;rruli~~a~r ril rpud hnnds, The sol~d line through the duta puintri IS the 
sum of the individual br~rda. 
PHOTON ENEFlGY (eV) 
Fig. 2. The induced rljsorptii~n spectrum ul'Schott KzFS M4 alter 
85.Xlek' proton ~rradiut~oa to s tot111 dtwe c~f 3.0 X 10s radr. 
PHOTCN ENERGY (e\ I 
I \ l'lrr ~lrducrti I I ~ J O T ~ I I I I I I  spectrlltlr 111 Srhott LF 5 lrltor 85. 
.\It*\ prot111r I ~ ~ ~ I ~ I ~ I I I I I I I  to 11 I I [L \ I  dose [it  2.9 111.' rnds 
Induced Absorption Spactra 1 
Esamples of absorption spectra induced by proton 
irradiation of the three glasses under study are shown 
in Figs. 1, 2, and 3, The spectra were resolved into a 
series of Gaussian shaped bands using a computer 
program that performed a least-squares fit to a non- 
linear function,\' in this case a sum of Gaussians [each 
Gaussian being detlned by Eq. (I)] .  The solid line 
through the data points in each figure is the sum of the 
individual absorption banda (dashed lines), By in- 
spection it can be seen that the data were fitted very 
accurately. All the glasses exhibited three Gaussian 
bands in the near UV-visible region, However, each 
glass had its own unique fingerprint of band energies 
and halfwidths, All the resolved spectra also had a 
fourth Gaussian located with an absorption peak fitted 
a t  5,5 eV or above. This high energy band cull be re- 
garded as the shift in the absorption edge toward longer 
wavelengths as the irradiation dosage increases. 
The electron-induced absorption spectra for each 
glass showed the same band structure as their proton- 
induced counterparts, As an oxnmple, in Fig. 4, it can 1 
be seen that 7.0-MeV electrons produced absorption 
bands in LF 5 with peaks located at the Ynme energies 
as the proton-induced bands (Fig, 3). This was also 
true for LaK 21 and KzFS N4 The band parameters 
obtained from the fitting process ore given in Tuble 11. 
All spectra measured for each gluss after the various 
doses could be resolved into these bunds. 
Where absorption bands wiil be located in any p i . -  
ticular glass is dependent on a number of variables, 
which include whether the glass was made under re- 
ducing or oxidizing conditions, the types and amounts 
of impurities in the glass, and the concentration of 
network modifying oxides in the material.'b Since the 
composition of Schott glns is proprietary information, 
it is beyond the scope of thin study to ettribute each 
center to a particular kind of charge carrier trap. 
However, other studies of multic~mponent glasses have 
found that most color centers in the visible region cnn 
be attributed to hole-tr~~pping.'~ 
PHOTON ENERGY (rV) I 
Fiy. 4. The irrciuccd irkt~rpt~on s1)ectrrlcn 01 Sv11111t 1.F 5 ~l ' t r r  7.1). i 
.\lev c.lrctrolr irrociiat~c~n to II totl\l I ~ I I ~ ~  I I I  1.2 k 10' rltds Note t l l ~ t  1 
the I I ~ I ~ ~ ~  arca I xutcd at the s111rc inc*rxlcn 11% l l r c b  1.Y 5 11r11to1r.11rdur~tl 
i ~ ) ~ s , q ~ ~ ~ l l , ~  s p y l r ~ J ~ j \ ,  'r\rjs \ V ~ I %  trr~e l~ir l.~rl< 21 1111ti l\:YS X4 \h* l Is  I 
Hll,\pvpr, tirere llrc llll~rtir dr l l er~~rc t~~  111 1h1b 11111ld h~l~It \~dlhs  gt1Iler- 
t~t<ld I N  et1c11 (vpt* 1 1 1  r.1citrr111~11. 
Tabk II. Abrocptlcn Sp.olrr Compomn(r: lurd E r w r ~ b  a d  
HaUwldUu 
Type of Band energy Eo Halfwidth I' 
irradiation Glass (eV) IeV) 
85.MeV LaK 21 2.0 0.76 
protons 3.2 1.8 
4.6 1.9 
tCxFS N 4  1.5 0,76 
2.7 1.2 
3,5 1.1 
7.0-tvfeV LaK 21. 1.0 0.80 -  - 
electrons :b2 1.9 
4.6 1.9 
KzFS N4  1.5 0.8 
2.7 1.1 
3.8 1.4 
LF 5 1.7 0.55 
"7 1.1 
Tablo IH. Akorp(lon Wwth P u m t ~ #  
Type of irradiation C l u ~  X (nm) cu, (cm-I) b (rad-'l 
85-IleV LaK 21 300 18 1.6 X 10'" 
protons 400 12 1.2 X 10'" 
500 7.8 9.5 X 10-7 
700 5.6 9.7 X 10'; 
KzFS N4 400 11 1.3 X 
500 6 1.3 X 10'" 
mo 3.4 6.a x 10-7 
LF 5 350 15 2.5 X 10'" 
600 9.2 1.4 X lo-" 
700 3.5 1.0 X 10-6 
7.0-BleV h K 2 1  300 29 3.1 X 10"" 
electrons 400 9.7 5.4 X 10'" 
500 5.4 5.9 X 10-8 
700 3.1 6.7 X LO'B 
KzFSN1 400 17 2.4 X 10'" 
500 6.7 3.8 X 
700 2.5 4.8 X 10'" 
LF 5 350 51 2.5 X 10'" 
Induced Absorplion Growth Curvrs 
As noted earlier, growth of induced absorption in any 
one band with increasing dose of irradiation has been 
accurately described in previous studies by Eq. (3). 
However, when an absorption spectrum consists of 
bands reasonably separated (as is the case in this in- 
vestigation), Eq. (3) can also be used to describe the 
growth of the total induced absorption at a particular 
wavelength X. For spectra which meet this condition, 
this simplifies the equation's use in practical applica- 
tions. It has been reported that the cuL@ term can be 
set to zero since its contribution is negligible in the dose 
range under consideration (<loi rads).l6 Thus, data 
obtained from both proton and electron irradiations of 
the glasses were fitted to the expression 
ilsillp a least-squares procedure. Constants cu, arid b 
are dependent on X and glass type. Their values were 
calculated at selected wavelengths, which spanned the 
entire spectrum under investigation. Some results for 
each glass are listed in Table 111. 
It can be seen from Table 111 that, while cu, changed 
rapidly with decreasing wavelength in all three glasses, 
the growth constant b remained relatively stable. For 
any one glass, b changed by no more than a factor of 2-3 
for both the proton- and electron-generated growth 
curves. All the glasses had values for b falling in the 
same range li.e., around 1.2 X 10'6 rad-I for the pro- 
ton-induced degradation data and about 5.0 X 10-6 
rad-I for the electron-induced degradation data). This 
behavior is consistent with previous findings on Schott 
glass16 and provides a means for making rough esti- 
mations of the radiation-induced coloring of similar 
glass types, 
Several absorption growth curves for LaK 21 after 
proton irradiation are shown in Fig. 5. Such curves 
typify the responses of all three glasses after either 
proton or electron irradiation. The solid line through 
the data points was computed using the constants cu, 
and b from the fitting process and indicates that Eq. (4) 
reasonably describes the growth of induced absorption 
at the selected wavelengths. The growth proceeded 
linearly on a log scale a t  the lower doses and then 
quickly attained a saturation level for a dose of around 
106 rads. This same behavior has been reported in 
other types of electron-irradiated Schott glass." 
Compo:!son o! Prn!n??- and Electron-Induced Coloring 
It has been shown that proton irradiation of the three 
glasses produced nbsorption hands with peaks a t  the 
same energies as those produced by electron irradiation. 
This agrees with the current model of coloration, which 
views the energies of color centers as being dependent 
on the glass, its defects, and composition. It was also 
shown that protons and electrons induced the same type 
of nbsorption growth with increasing dose. For doses 
up to 107 rads, the induced absorption cu at wavelength 
X exhibited a saturating exponential growth, thus pro- 
viding the meens to predict degradation in any of the 
three glasses for a particular fluence of proton or elec- 
tron irradiation. However, the protons and electrons 
n any one did not inauce the same saturation levels cu. i 
DOSE (rods1 
Fig. 5. The growth of induced nbutrrprio~r for Schott LuK 21 wit11 
IIII i~rcrenving dose of 85-MeV protons at selected wavelengths. All 
ilre glasses exhibited this saturating expo~re~rtiul growth during 1)otlr 
ihe pmton and electron ~rradiiltions for doses up to 11): rntls. 
glass for certain areas of the spectrum. In fact, a pat- 
tern is discerned as one compares the values of ru, in 
Table 111. While the protons produced a higher ab- 
sorption saturation level than the electrons a t  the longer 
wavelengths (around 700 nm), the reverse occurred in 
the shorter wavelengths (around 300 nm), In that area 
of the spectrum, the electrons induced a greater ab- 
sorption. 
The differences are not extreme a t  either end of the 
280-700-nm spectrum, yet they are still larger than the 
fitted standard deviations (0.1-495) of the saturating 
levels. For the three glasses tested, this indicates that 
the protons formed more low energy color centers at  the 
saturation level than the electrons, while the electrons 
created a greater number of stable centers at  the higher 
energies (at least for the range of energies being inves- 
tigated). Should this finding hold for other glass types 
as well, it suggests that one must be careful in taking 
degradation effects produced by one type of charged 
particle and extrapolating effects produced by another 
type of radiation. 
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Table 1. Response of FES t o  i r r a d i a t i o n  with 9 0 ~ r .  
Summed Count Rates (x lo3 counts/sec] 
F i l t e r  Pos i t ions  Day 
(nm) Summed Before Af te r  After  
427.8 1-5 3.8 3.1 3.7 
b 
Table 2 .  Transmission characteristics of LaK 21, KzFS N4, and LF S after 
85-MeV proton irradiation, 
Transmission Transmission 
Waveiength Before After Percent 
Glass (A) Irradiation 1.SE14 p/cm2 Change 
-- 
LaK 21 6800 0.93 0.36 6 1 
KzFS N4 6800 0.93 0.50 3 6 
4000 0.91 0.12 8 7 
3000 0.31 0.00 100 
Table 3. LaK zl-induced absorption spectra components for 85-Mev P~O'O~ 
and 7.0-MeV electron irradiations, 
--- 
Type of 
Irradiation Dose (rad) Eo (eV) a (cm-l) U (ev) 
___L_ -
m - 
Pro ton 3.884 2.0 0.20 1.0 
3.2 0.34 1.2 
4.6 1.2 1.8 
Electron 
2,1E5 2.0 1.9 0.84 
3.2 4.1 2.0 
12.0 1.9 
9 ; 
= 20.3% ci = +2% u = s296 Standard Deviations protons: Eo m 
= 2196 u = 21% Standard Deviations Elecrrons: Eo ' ?0.206 m 
Tnblo 4. KzFS N4-inducsd absorp t ion  s p e c t r a  colnponents f o r  85-LIaV pro ton  
and 7 0-MeV e l e c t r o n  i r r a d i a t i o n s ,  
Type o f  
I r r a d i a t i o n  Dose ( r s d ]  Bo (eVI 
Proton 3.9E1 1,s 
7 - 
r *  l 
3 . 8  
S t:lndnrd Uev i n  t i o n s  Frotons : 1: = ?0.3'!1 ,Y = t2YI 11 = k2O0 
0 111 
Stnn~l : l r~\  Llovi r i o n s  Electrons : 1: = + O ,  29, = +-t~$ 11 a +6':1 0 I11 
Table 5. LF 5-induced absorption spectra corponertts for 85-MeV proton and 
7.0-MeV electron irradiations. 
- 
Type of 
lrrhhiation Dose (rod) Eo (eV) irln (cm-'1 U (ev) 
- - 
Proton 4.1E4 1.7 0.04 0.56 
2.7 0.44 1.0 
3.5 1.1 1.1 
Electron 
Standard Deviations Protons: ED = tO.4I $1 = +zag U =  r 2 $  In 
Stmldard Deviations Electrons: Eo = ?lou .r = ?;? U = k700 
111 
Table 6. LaK 21 co lor  cen te r  d e n s i t i e s  a f t e r  85-MeV proton and 7.0-MeV 
e l ec t ron  i r r a d i a t i o n s .  
Type of 
I r r a d i a t i o n  Dose (rad) EO (eVj N ( ~ r n - ~ )  
Proton 3.8E4 2.0 1.3E15 
3 . 2  2.6815 
4.6 1.4E16 
Electron 
Standard Deviation Proton: N = r30d 
Standard Deviation Electron: N = +1.400 
Table 7. KzFS N4 color  cen te r  d e n s i t i e s  a f t e r  85-EleV proton and 7.0-MeV 
e l ec t ron  i r r a d i a t i o n s .  
Type of 
I r r i d a t  ion Dose (rad) Eo (eV) 
Proton 
Electron 
Standard Deviation Proton: N = rj?; 
Standard Deviation Electron:  N = 18; 
Table 8. LF 5 co lor  cen te r  d e n s i t i e s  a f t e r  85-MeV proton and 7.0-MeV 
e l ec t ron  i r r a d i a t i o n s .  
Type of 
I r r a d i a t i o n  Dose (rad) EO (eV) N ( ~ r n ' ~ )  
Proton 
Electron 
Standard Deviatiorl Proton : N = 535 
Standard Deviation Electron: N = 59% 
Table 9. Color center density growth parameters for 85-MeV proton and 
7.0-bleV electron irradiations. 
Type of A 1 b  
Glass Irradiation En (eV) A1 (cm-l) b (rad-l) (cm-l rad-l) 
- 
LaK 21 Proton 2.0 2.1E16 1.OE-6 2.1E10 
3.2 1.OE17 1.2E-6 1.2Ell 
4.G 1.9E17 1.6E-6 3. OEll 
Electron 
KzFS N4 Proton 
Electron 
LF 5 Proton 
Electron 
Standard Deviations Protons : A I  = r7°0 b = +5$ 
Standard Deviations Electrons: A 1  = +1O0i b = 225 
Table 10, Threshold changes for p and 0 channols. 
p-Channel 
MOSFETs 
No. of 
Runs 
Change in threshold 
(V/Mrad) 
Table 11. Characteristics of silicon PIN photodiodes irradiated with 
electrons (90~r) and protons. 
Diode Resistivity AR Coating Active 
TYPe (oh-cm) (nm 1 - - Area (cm2) 
A 400 0 (1.20 , 
A* is the same as A, but is encapsulated and covered with Corning 7052 
glass window. 

EXPEWMENThL DATA TOR W CONVERTER 
A YIELD CALCULATED ON BASIS 01 C E & ~ O V  
PRODUCTION IN HgF2 WINDOW 
Figure 2 .  Energy dependence of the electron-induced signal in ITT UV 
converter model No. F4122. 
Figure  3 .  Sur face  o f  t h e  image d i s s e c t o r  photocathode.  
5300 A FILTER 
B X O R E  
O -R '101~ ./an2 90sr 
8 1 DAY AFTER TRRMT;\TION 
POSITION CN FES PHOTOCATHODE 
Figure  4 ,  Count r a t e  vs.  p o s i t i o n  on s u r f a c e  o f  photocathode f o r  the 
5.50-nm f i l t e r  b e f o r e  and a f t e r  exposure t o  "sr r a d i a t i o n .  
Figure 5 ,  Schematic of s c a t t e r i n g  chamber, Sample holder ,  and Paraday cup 
f o r  proton i r r a d i a t i o n .  
Wavelength (i) 
Figure 6.  Transmission spec t ra  of LaK 2 1  a t  severa l  f luences of 85-MeV 
proton r ad ia t ion .  
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Figl i re  S .  Trnnsnr i ss ion  s p e c t r a  of LF 5 a t  s t ' vc rn l  f l l l e l l c e ~  of 8 s - b l ~  
p r o t o n  r n ~ l i n t i o n .  
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Figure 9. Transmission spectra of Lag 2 1  at several fluenccs of 7.0-MeV 
electron radiation. 
Figure  10.  Transmission s p e c t r a  o f  EzFS NJ a t  s e v e r a l  f l u e n c e s  of  7.0-ElcV 
e l e c t r o n  r a d i a t i o n .  
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1 - U n l r r a d l r t e d  
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Figure 11. T r i l n s n l i s ~ i o ~ ~  spcc t rn  of LF 5 a t  severa l  f luenccs o f  7.O-blc\' 
e lec t ron  r ad ia t ion .  
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Figure  12 .  Conlparison of  induced absorp t ion  s p e c t r a  f o r  LF 5 a f t e r  SS-hleY 
pro ton  and 7.0-Ne\' e l e c t r o n  i r r a d i a t i o n s .  
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F i g u r e  1 3 .  ( : ro \~ th  of co lo r  center  Jc l l s i t i - c s  w i t h  incre: ls ing d o s e  of YS-hle\' 
p r o t o n s  f o r  LnK 21 .  
Figure 14.  Growth of c o l o r  c e n t e r  d e n s i t i e s  with i n c r e a s i n g  dose  of 7.0-PleV 
e l e c t r o n s  f o r  L3K 2 1 .  
0 Proton 
X Electron 
Dose (rad) 
Figure  15. Color  c e n t e r  d e n s i t y  growth curves  f o r  KzFS N4 a t  2.7-eV 
a b s o r p t i o n  band a f t e r  85-FleY pro ton  and 7.0-bleV e l e c t r o n  
i r r a d i a t i o n s .  
Dose (rad)  
Q Pwton 
X Electron 
Figure  16. Color c e n t e r  d e n s i t y  growth curves  f o r  KzFS S4 a t  5.8-eY 
absorp t ion  band a f t e r  S5-bleV proton and 7.3-bIeY e l e c t r o n  
i r r a d i a t i o n s .  
Gate 
Figure  1 7 .  Enhancement mode blOSFETs. 
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Figure  19.  Block diagram of computer and p e r i p h e r a l  equipment. 
Figure 20 .  Electronic  configurat ion during i r r a d i a t i o n .  
1. After 0.0 Rajs ( S t )  
2 .  Af te r  3.6~10 Rads i:i! 
3. A f te r  5.5~10: Rads ( b i )  
4. AYter 9 .1~10 Rads ( S f )  
5. After 1 . 1 ~ 1 0 ~  Rads ( S i )  
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: , 2 ,  trl,rCsl,OIL\ vO l t n ~ e  of  p-c l~anncl  vs. ~dosnpc  f u r  s r e c  if 
bin: 
v o l t n g c s .  
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i s  2.3. ' f l~ rcsbo ld  voltage of 17-cl~annal v s .  ~ic>s;xpe f o r  s p c c i f i r ~ l  11i:ls 
v o l t n g c s .  
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VS = 0 V o l t s  
a 
VG = +5 V o l t s  
VS = 10 V o l t s  
Dosage 
Figure  7 4 .  T l ~ r e s h o l d  v o l t a g e  o f  p-channel v s .  dosage f o r  s p e c i f i e d  b i a s  
v o l t a g e s .  
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v o l t a g e s .  
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Figure  20.  Threshold v o l t a g e  of n-channel v s .  dosage f o r  s p e c i f i e d  b i n s  
i r o l t s g e s .  
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VS = 10 V o l t s  
Dosage 
Figure  2 7 .  Threshold v o l t a g e  of n-chnnnpl v s .  dosage f u r  spccif.ied b i a s  
vo l tas t ' s .  
Bias ing was changed a f t e r  0.5 x loC rads. 
F i g u r e  2 3 .  Thresho ld  change i n  n-channel w i t h  i r r a d i a t i o n  annea l .  
h .Sx106~alis ( s i  11' 
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Figure 29. Threshol~l changes in p-channel due to irradiation using various 
thicknesses of aluminum shielding. 
Aluminum S h i e l d f  ng (cnl) 
Figure 30. Rate of change of threshold voltage using various thicknesses 
of aluminum shielding. 
4x1011 el/cm2 8 1 2  16 
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P i g ~ ~ r e  31. Threshold change i n  p-channel wi th  u l t r a v i o l e t  l i g h t  annea l .  
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Figure 3 2 .  CD4011AE NAND gate switching characteristics during irradiation. 
1. Gate 1 
2, Gate 2 
3,  Gate 3 
4,  Gate 4 
Figurc 55. Threshold voltages of the four NAND gates of a CDJOllAE during 
irradiation. 
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Figure 34. CD4011AE NAND gate tiin*eshold voltages after irradiation. 
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F i g m c  5 5 .  Tilo effect of electron irradiation on the spcctynl rcslronsc of 
various typcs of PIN photodiode, 
0.2s Mrad ( 9.8 x 19l1 e/cm2) 
Q Oe56 @' (21.7 x 1 0  ei/cm2) 
F i g t ~ r c  56. llcgra~lat ion i n  spcctr;l l  rcsponso \ v i  tll incrc:isi~lg C111e1lr.c for 
~~I lo tod '  hrlcs of Cypc :\, 11, o r  c;. 

Aftrr 0.3qMrad 13 x 10" electrons ~r 'O 
0 After 0,1 Mrad 3 x 10" pr*cm2 
( fbta l t  0,4S ~ r r d )  600  MrV proton8 
Figure ,78. The effects  of e lec t ron  and proton i r radici t ion un t l ~ c  spect ra l  
respunsc of t ype  A st~mplcs \tit11 3 5 2  g l a s s  \\rinJo\t. 

Channel Number 
Figure 40. The pulse height spectrum of pulses induced in a Centronic 
PIN photodiode irradiated with 50-UcV protons. 
Figure 41. Electron-iaduccd f luorcscrnce of Group IIh-f luoride compounds. 
Figure 42 .  Electron-induced fluorescence spectra of some optical windows. 
